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ABSTRACT 


The  current  state  of  knowledge  of  ceramic  surface  structures, 
composition,  and  reactivity  is  reviewed  in  this  report.  The  tribological 
requirements  of  advanced  mechanical  systems  now  being  developed  (in 
particular,  heat  engines)  exceed  the  capabilities  of  traditional 
metallic -based  materials  because  of  the  high  temperatures  encountered. 
Advanced  ceramic  materials  for  such  applications  are  receiving  intensive 
scrutiny,  but  there  is  a  lack  of  understanding  of  the  properties  and  behavior 
of  ceramic  surfaces,  with  and  without  lubricants.  The  instrumentation  and 
techniques  available  for  the  study  of  ceramic  surfaces  and  the  influence  of 
processing  on  the  properties  of  ceramics  are  described.  The  adequacy  of 
models,  ranging  from  atomic  to  macro,  to  describe  and  to  predict  ceramic 
friction  and  wear  are  discussed,  as  well  as  what  is  known  about  lubrication 
at  elevated  temperatures.  Fronrthis  analysis,  recommendations  are  made  for 
coordination,  research,  and  development  that  will  lead  to  better  performance 
of  ceramic  materials  in  tribological  systems. 

F 


V-SJ. 


Accession  For 

1  MIS 

QHAicI 

pTj-' 

TAB 

n 

U- ; 

'.  unced 

Lj 

n  - - - — 

f«  •' 

HMr 

^  o-,ri  I  on/ 

1  A  V  e  1 

;  e .  .. .  i  n 

r  Co''.ee 

..f  • )  i 

ji:4/0T 

SI  St 

'.il 

1 

COMMITTEE  ON  TRIBOLOGY  OF  CERAMICS 


Chairman 

BRIAN  R.  T.  FROST,  Director,  Technology  Transfer  Center,  Argonne  National 
Laboratory,  Argonne,  Illinois 

Members 

IAIN  FINNIE,  Professor  of  Mechanical  Engineering,  Department  of  Mechanical 
Engineering,  University  of  California,  Berkeley 

TRAUGOTT  E.  FISCHER,  Professor,  Stevens  Institute  of  Technology,  Department 
of  Materials  and  Metallurgical  Engineering,  Hoboken,  New  Jersey 
(formerly  Exxon  Corporate  Research  Laboratory,  Annandale ,  New  Jersey) 

WILLIAM  A.  GODDARD,  III,  Professor  of  Chemistry  and  Applied  Physics,  Arthur 
Amos  Noyes  Laboratory,  California  Institute  of  Technology,  Pasadena 

STEPHEN  M.  HSU,  Chief,  Ceramics  Division,  National  Bureau  of  Standards, 
Gaithersburg,  Maryland 

MANFRED  KAMINSKY,  Surface  Treatment  Science  Center,  Hindsdale,  Illinois 

(formerly  Materials  Science  and  Technology  Division,  Argonne  National 
Laboratory,  Argonne,  Illinois) 

BRUCE  M.  KRAMER,  Professor  of  Mechanical  Engineering,  Department  of  Civil  and 
Mechanical  Engineering,  George  Washington  University,  Washington,  D.C. 

DAVID  W,  RICHERSON,  Director,  Research  and  Development,  Ceramatec,  Inc., 

Salt  Lake  City,  Utah 

MILTON  C.  SHAW,  Professor  of  Engineering,  Mechanical  and  Industrial 
Engineering  Departments,  Arizona  State  University,  Tempe 

HAROLD  E.  SLINEY,  Senior  Scientist,  Surface  Science  Branch,  NASA  Lewis 
Research  Center,  Cleveland,  Ohio 

WARD  0.  WINER,  Professor  of  Mechanical  Engineering,  School  of  Mechanical 
Engineering,  Georgia  Institute  of  Technology,  Atlanta 


Liaison  Representatives 


KE.'LNETH  GABRIEL,  Director,  Materials  Technology  Laboratory,  Watertown, 
Ma.ssachuse  tts 


V 


SAID  JAILANMIR,  National  Bureau  of  Standards,  Gaithersburg,  Maryland  (formerly 
National  Science  Foundation) 

TFRRY  LF.VINSON,  Program  Manager,  Tribology  Programs,  Department  of  Energy, 
Washington,  D.C. 

BaBBY  MCCONNELL,  Wright  Aeronautical  Laboratory,  Wright  -  Patterson 
Air  Force  Base,  Ohio 

C EROME  PERSH,  Staff  Specialist,  Materials  and  Structures,  Office  of  Deputy- 

Under  Secretary  of  Defense  for  R&E  (ET) ,  The  Pentagon,  Washington,  D.C. 

NEAL  REBUCK,  Naval  Air  Development  Center,  Department  of  the  Navy, 

Warminster,  Pennsylvania 

STEVEN  G.  WAX,  Project  Manager,  Secretary  of  the  Air  Force,  Office  of 

Research,  Department  of  Defense,  Arlington,  Virginia  (formerly  Defense 
Advanced  Research  Projects  Agency) 


Technical  Advisor 

1-ARRY  FEHRENBACHER ,  President,  Technology  Assessment  and  Transfer,  Inc, 
Gambrills,  Maryland  (formerly  Institute  for  Defense  Analyses) 


NMAB  Staff 

Joseph  R.  Lane  Senior  Program  Officer 
Judith  Amri,  Senior  Secretary 


JVA  .V  .  •  1.%  A  .V  A  .  •  .V  .Vv  j"*- 

•T-j 

/.-V  V  •  V/, 

■ 

1 

•»»  «  V  w~m  w-^ 

rm  p'p  w-i  ,  rT»  w~‘  1 

'Jll,  ■  ■P".^  '\)i  "F'Vi'r  »  .  ■I.'t'.  l»J  liV'.’V'JT 


V'V’il’W 


PREFACE 

In  the  past  decade,  efforts  to  develop  lighter  weight,  more  efficient 
meclianical  systems  with  components  operating  at  temperatures  ranging  from 
s^ibzero  to  1000°C  have  once  again  identified  the  need  to  develop  high- 
temperature  tribo-materials  and  components.  At  these  temperatures,  modifi¬ 
cations  of  traditional  tribo-materials  are  unlikely  to  satisfy  the  need. 
Ceram.ics,  either  in  bulk  or  coated  forms,  may  be  the  only  satisfactory 
materials  for  the  tr ibo - e lements .  Unfortunately,  there  is  virtually  no 
.scieitce  or  technology  base  on  the  use  of  ceramics  as  tribo-materials  at  these 
; empe  natures . 

In  view  of  the  importance  of  advanced  mechanical  systems  applications  and 
tile  need  for  sound  design,  the  Department  of  Defense  and  the  National 
Aeronautics  and  Space  Administration  asked  the  National  Research  Council's 
National  Materials  Advisory  Board  (NHAB)  to  assess  the  research  needs  and 
development  advances  necessary  to  provide  the  fundamental  basis  for  design  of 
e.xt  reme  -  temperature  ceramic  tribo-elements  .  The  NMAB  appointed  a  committee 
vito  prescribe  research  and  development  that  will  lead  to  a  better  under¬ 
standing  and  thus  to  better  performance  of  ceramic  materials  in  tribological 
systems . 

Comir.ittee  membership  was  selected  to  cover  the  several  disciplines  that 
are  involved  in  this  subject  area;  surface  physics  and  chemistry, 
lubrication  chemistry,  materials  science  and  engineering,  and  mechanical 
engineering.  Experimentalists,  theorists,  and  modelers  were  included.  The 
free  interchange  of  ideas  among  this  group  and  the  establishment  of  a  good 
interdisciplinary  dialogue  suggest  the  need  for  a  continuation  of 
interdisciplinary  meetings  in  this  field. 

The  committee  proceeded  to 

■  Review  the  current  state  of  knowledge  of  surface  structure, 
composition,  and  reactivity  in  bulk  and  coated  ceramics  as  related  to 
tribological  behavior 

■  Evnlu.ate  the  adequacy  of  models  that  describe  friction  and  wear  of  bulk 
■  i-ci  rn/i'ed  ceramics 

■  .Asses'  fracture  mechanics  of  ceramics  as  related  to  surface  beha\’ioi‘ 


■  Evaluate  the  adequacy  of  surface  analytical  and  diagnostic  tools 
capable  of  verifying  and  refining  tribological  models 

■  Outline  the  status  of  high- temperature  lubrication  of  ceramics 

In  conducting  its  study,  the  committee  perused  the  published  literature 
and  held  committee  meetings  in  conjunction  with  other  specialist  meetings  on, 
or  closely  related  to,  its  subject.  Thus,  the  committee  met  on  the  occasion 
of  the  workshop  on  tribology  sponsored  by  the  DAB,PA  Materials  Council  in  La 
Jolla,  California,  in  July  1985;  at  the  American  Ceramic  Society's  meeting  on 
engineering  ceramics  at  Cocoa  Beach,  Florida,  in  January  1986;  and  at  the 
American  Society  of  Lubrication  Engineers  meeting  in  Toronto,  Canada,  in  May 
1986, 

Within  the  past  few  years  a  number  of  colloquia  have  addressed  this 
subject,  although  most  were  concerned  with  tribology  in  general  and  did  not 
concentrate  on  ceramics.  This  study  differs  from  others  in  attempting  to 
give  an  account  of  what  is  known  scientifically  about  the  subject  and  the 
understanding  that  will  be  required  to  use  ceramics  in  advanced  mechanical 
sys  terns . 

A  topic  that  received  much  attention  during  the  committee's  deliberations 
is  that  of  testing- -  test  methods,  test  interpretation,  and  test 
standardization.  These  are  topics  on  which  there  are  few  data,  little 
experience,  and  almost  no  consensus.  However,  testing  is  a  significant 
matter  that  deserves  immediate  and  continuing  study.  As  soon  as  more 
understanding  and  data  are  obtained,  consideration  should  be  given  to 
developing  standardized  procedures.  The  goal  is  to  permit  prediction  of 
performance;  this  is  not  possible  today.  The  absence  of  a  section  on  testing 
in  this  report  reflects  the  lack  of  a  basis  for  discussion  due  to  the 
elemental  state  of  understanding  and  practice,  not  lack  of  significance. 

The  substantial  assistance  of  the  liaison  representatives,  especially  in 
formulating  the  problem,  is  acknowledged  with  thanks. 
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EXECUTIVE  SUMMARY 


N’ew  designs  for  advanced  mechanical  systems  envision  that  they  will 
operate  at  temperatures  much  higher  chan  those  encountered  in  conventional 
designs.  The  iron-  and  nickel -based  alloys  traditionally  used  in  these 
applications  cannot  withstand  the  high  temperatures  contemplated.  As  a 
result,  structural  ceramic  materials  are  receiving  close  attention  for  their 
potential  use  in  such  advanced  mechanical  systems,  most  notably  in  heat 
engines  but  also  in  advanced  machine  tools.  To  ensure  chat  these  ceramic 
materials  achieve  their  best  and  broadest  applications,  a  fundamental 
understanding  of  Che  nature,  properties,  and  behavior  of  ceramic  surfaces  is 
ne  cess  a  r v . 

Because  conventional  lubricants  vaporize  or  dissociate  at  high 
temperatures,  it  is  anticipated  that  the  ceramics,  in  bulk  or  coated  form, 
would  be  used  with  solid  inorganic  lubricants.  Since  the  adsorption  and 
chemical  reactivity  of  lubricants  on  ceramics  are  not  the  same  as  on  metals, 
a  basic  understanding  of  these  interactions  must  also  be  developed. 


To  acquire  such 
tribology  of  cerami 
problem.  New  conce 
surface  analytical 
interdisciplinary  a 
national  tribology 
interdisciplinary  c 
mechanical  systems 
the  knowledge  gaine 


an  understanding  will  require  a  major  initiative  in 
cs  that  involves  an  interdisciplinary  attack  on  the 
pts  in  related  fields  combined  with  recent  developments  in 
instruments  emphasize  tl  e  need  for  such  an 
pproach,  preferably  through  establishment  of  one  or  more 
centers  at  educational  institutions.  Such 
enters  would  also  encourage  technolgy  transfer,  so  that 
designers  as  well  as  ceramics  producers  would  benefit  from 
d. 


Research  area.s  that  should  be  emphasized  using  an  interdisciplinary 
approach  include  theoretical  modeling,  which  would  help  identify  the 
mechanisms  that  control  performance;  the  relationships  among  structure, 
properties,  and  performance:  characterization  and  evaluation  of  the 
performance  of  ceramic  materials  in  a  variety  of  mechanical,  chemical,  and 
•hermal  environments;  the  effect  of  surface  modification  of  ceramic  bodies; 
and  no’.'p]  means  of  lubrication  under  the  demanding  conditions  anticipated  in 
future  ceramic  applications. 

Tr  i  1)0  -  e  1  ement  s  play  a  key  role  in  the  reliability  of  mechanictil  sy.stems. 
However,  the  requirements  for  different  applications  vary  enormously,  and  it 


is  not  sufficient  to  merely  state  that  the  tr ibo-material  must  have  low 
friction  and  low  wear.  Furthermore,  the  evaluation  of  a  given  material  for  a 
given  tribological  application  is  not  at  present  a  well-defined  process. 
Although  screening  tests  and  computer  simulations  are  conducted,  full-scale 
prototype  testing  is  generally  required.  If  this  evaluation  process  could  be 
streamlined  and  made  more  definitive,  it  is  possible  that  ceramics  could  be 
considered  for  additional  innovative  tribological  applications. 

Today  there  are  essentially  no  theoretical  guidelines  for  selecting 
ceramic  materials  for  tribological  applications.  Given  the  large  number  of 
candidate  ceramic  materials  and  coatings  that  may  be  employed,  it  is 
extremely  unlikely  that  ceramic  tribo-systems  will  be  optimized  through 
exhaustive  testing.  Therefore,  a  high  priority  must  be  placed  on  the 
development  of  predictive  models  that  can  estimate  the  performance  of  ceramic 
tribo-systems  based  on  properties  that  are  known  or  that  can  be  measured. 

The  tribological  characteristics  of  a  monolithic  ceramic  or  of  a  surface 
modification  are  strongly  influenced  by  the  fabrication  process.  However, 
the  influence  of  processing  is  difficult  to  study  because  each  processing 
step  affects  the  following  steps  differently,  and  thus  it  is  necessary  to 
assess  all  the  associated  mechanisms  that  might  limit  tribological  use  of  the 
ceramic.  A  better  understanding  of  the  relationships  among  the  process 
parameters,  the  physical  and  mechanical  properties,  and  the  resulting 
tribological  performance  is  needed. 


Effective  lubrication  to  control  friction,  wear,  and  fracture  of 
ceramic  -  to -metal  and  ceramic-to-ceramic  contact  interfaces  is  crucial  to  the 
success  of  many  advanced  technologies.  A  thorough  knowledge  of  lubrication 
of  this  class  of  materials  is  therefore  essential.  The  wide  temperature 
range  over  which  the  materials  can  be  used  means  that  research  issues  often 
change  as  the  environment  and  materials  change  with  the  temperature,  and  they 
also  vary  with  different  classes  of  lubricants--  gases,  liquids,  solids,  and 
coatings.  The  greatest  need  is  for  an  understanding  of  lubricant-ceramic 
reactivity,  particularly  at  high  temperatures.  Effective  delivery  systems 
for  solid  or  liquid  lubricants  also  require  development. 

The  properties  of  a  solid  are  often  different  on  the  surface  from  what 
they  are  in  the  bulk.  A  systematic  knowledge  of  the  surface  composition  and 
reactivity  of  all  ceramics  of  tribological  interest  could  greatly  assist 
further  progress  in  their  application.  There  have  been  rapid  advances  in 
experimental  techniques  for  examining  composition  at  surfaces  and  interfaces 
relevant  for  catalysis,  tribology,  corrosion,  and  materials  synthesis,  but 
there  is  as  yet  very  little  in  the  way  of  a  microscopic  theoretical  model 
suitable  for  understanding  the  chemical,  physical,  and  mechanical  properties 
in  terms  of  atomic -level  structure  and  bonding  concepts.  A  fundamental 
microscopic  atomic -level  understanding  of  the  chemistry  that  controls 
tribology  could  lead  to  completely  new  strategies  in  designing  tribological 
systems  for  extreme  environments. 

The  microstructure  of  the  ceramic  material,  the  surface  finish  and  degree 
of  lubrication,  and  the  nature  of  the  applied  stress  all  have  synergistic 
effects  that  must  be  accounted  for  to  obtain  a  basic  understanding  of  the 
trii)ologv  of  ceramics.  Because  ceramics  are  brittle  and  have  less  fracture 
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toughness  compared  to  metals,  fracture  mechanics  plays  an  important  role  in 
the  tribological  behavior  and  thus  must  be  an  integral  part  of  any  resulting 
model.  Key  factors  with  major  influence  on  the  fracture  mechanics  (and  thus 
on  the  tribloligcal  characteristics)  are  the  microstructure  of  the  material, 
the  normal  load,  the  geometry  of  the  interface,  the  relative  motion  at  the 
interface,  the  coefficient  of  friction,  and  the  environment.  These  factors 
must  be  addressed  individually  and  combined  to  achieve  an  understanding,  a 
predictive  capability,  and  functioning  systems  involving  ceramics  as  a 
tribological  element.  There  are  many  trade-offs  between  these  factors.  For 
example,  excessive  wear  due  to  elastic  fracture  of  the  ceramic  can  be  reduced 
by  a  change  in  interface  design,  use  of  a  ceramic  with  a  higher  fracture 
toughness,  or  reduction  in  the  coefficient  of  friction  through  better  surface 
preparation  or  use  of  a  lubricant.  Further  work  is  needed  to  understand  the 
interactions  of  microstructure,  stress,  and  lubrication  as  they  apply  to  the 
tribology  of  ceramics,  especially  at  elevated  temperatures. 

To  summarize,  then,  the  critical  need  to  solve  difficult  tribological 
problems,  particularly  for  ceramic  components,  is  at  the  heart  of  such 
technological  challenges  as  designing  the  next  generation  of  high-performance 
gas  turbines  as  well  as  advanced  military  and  space  systems.  However,  the 
science  and  technology  base  available  is  not  adequate  for  the  development  of 
advanced  mechanical  systems  operating  at  extreme  temperatures.  If  ceramic 
tribo - elements  are  to  be  successfully  employed  in  meeting  such  challenges, 
research  needs  to  be  undertaken  on  theoretical  modeling,  performance  and 
structure  relationships,  surface  modification,  lubricants,  and  the  effects  of 
various  chemical,  mechanical,  and  thermal  environments  on  tribological 
performance.  The  allocation  of  national  resources  is  clearly  called  for  to 
build  the  infrastructure  needed  for  a  multidisciplinary  approach  to  the 
science  and  technology  of  tribology. 


Chapter  1 


OVERVIEW,  CONCLUSIONS.  AND  RECOMMENDATIONS 


For  most  of  the  past  century,  research  and  development  in  tribology 
(friction,  lubrication,  and  wear)  have  been  concerned  with  meeting  the 
increasingly  severe  requirements  of  mechanical  systems.  Until  the  past 
decade,  the  operating  temperatures  of  these  mechanical  systems  were  such  that 
the  tribological  requirements  could  be  met  through  improvements  in 
traditional,  primarily  metallic-based,  materials.  The  present  trend  in 
advanced  heat  engine  development,  however,  is  toward  more  efficient,  lighter 
weight  systems  that  operate  at  higher  temperatures  than  current  engines. 
Conventional  iron-  and  nickel-based  alloys  are  not  suitable  for  these  engines 
because  they  are  too  weak  at  the  high  temperatures  contemplated  and  because 
the  conventional  organic  lubricants  used  with  these  metals  will  dissociate  or 
vaporize  at  such  temperatures. 

To  operate  at  these  temperatures,  then,  it  may  be  necessary  to  use 
structural  ceramics,  in  bulk  or  coated  form,  with  inorganic  lubricants. 

This  combination  of  materials  has  applications  in  advanced  cutting,  grinding, 
and  drawing  tools  as  well  as  in  heat  engines.  If  ceramics  and  inorganic 
lubricants  are  to  find  extensive  applications  in  future  heat  engines,  machine 
tools,  etc.,  in  an  era  when  computer-aided  design  and  manufacturing  (CAD/CAM) 
are  widely  applied,  it  is  important  that  a  better  basis  for  ceramic  systems 
be  developed.  This  means  that  a  fundamental  understanding  of  the  nature, 
properties,  and  behavior  of  ceramic  surfaces,  with  and  without  lubricants, 
must  be  developed. 

Ceramics  have  found  tribological  use  for  a  long  time,  especially  as 
dies  in  wire  drawing,  as  bearings  in  watches,  and  as  guides  in  the  textile 
industry.  When  processing  techniques  permitted  the  preparation  of  high- 
performance  ceramics,  these  materials  were  naturally  tested  for  potential  use 
in  engines  and  other  advanced  machinery,  but  their  performance  was  found 
disappointing.  Ceramics  often  did  not  exhibit  the  excellent  wear  resistance 
that  their  hardness  had  led  one  to  expect,  and  they  reacted  chemically  with 
the  environment  and  with  surfaces  against  which  they  were  sliding.  (We  will 
not  deal  with  the  problems  of  brittle  fracture  of  the  machine  elements;  they 
are  significant  but  outside  the  scope  of  this  report.)  Looking  back  on  these 
early  attempts,  we  find  that  the  disappointments  were  mainly  due  to  a  rather 
indiscriminate  use  of  these  materials.  In  the  case  of  metals,  a  detailed 
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know  1  ecit’.i'  as  to  the  choice  ot  material  for  a  giv'en  application  and  its  proper 
M'ili;:ation  in  tribological  service  has  evolved  over  centuries.  No  such 
ki'.owledgt'  exists  vet  for  ceramics.  Wltatever  research  has  been  done  so  far 
h  i  s  shown  rhiat  ceramics  varv  widelv  in  the  mechanical,  thermal,  and  chemical 
ro’.'e  r  t  i  es  which  are  relevant  for  their  friction  and  wear  resistance  in 
d.iftercnt  applications.  Progress  has  been  made.  We  have  found  that  sili¬ 
con  r,  i  t  r  i  de  possesses  the  fatigue  resistance  and  strength  that  allows  its 
Liiration  in  ball  bearings.  Such  bearings  pei'form  under  circumstances  of 
ro‘, iting  speeds,  temperature  or  corrosive  environments  that  would  simplv 
not  he  possible  with  steel.  Zirconia,  which  exhibits  a  very  high  wear 
resistance  in  unlubricated  sliding,  is  unsuitable  for  roller  bearings.  Oi'.e 
o:  its  shortcomings  is  its  verv  low  heat  conductivity,  which  leads  to  hir.l. 
loc.il  temperatures.  Alumina  resists  wear  extremely  well  under  low  contact 
pressure  bvit  is  rapidlv  destroyed  tiv  the  large  stresses  encountered  in  bill 
hearii’.gs,  for  example.  Silicon  nitride  seals  for  watei'  and  steam  exhibit  .. 
performance  that  cannot  he  matched  bv  other  materials.  We  understand  this 
performance  on  the  basis  of  t r i bochemi s t rv . 

The  challenge  is  to  establish  Che  same  knowledge  for  the  tribological 
utilirtacion  of  ceramics  that  we  already  have  for  metals.  We  will  learn  to 
adapt  to  the  unique  mechanical,  thermal,  and  chemical  properties  of  these 
materials.  It  is,  for  example,  still  widely  thought  that  the  higher  the 
hardness  of  a  ceramic,  the  better  its  wear  resistance.  This  argument  follows 
rb.e  thinking  that  is  proper  to  metals:  hardness  is  the  resistance  to  plastic 
deformation.  Ceramics,  however,  wear  and  fail  by  fracture,  and  research  has 
shewn  that  toughness  is  the  required  quality  for  wear  resistance.  It  can 
e'.-en  be  argued  that  hardness  increased  beyond  a  certain  level  is  detrimental 
•o  wear  resistance.  Recent  research  has  also  shown  that  we  will  learn  to 
exploit  the  unique  chemistry  of  ceramics  and  develop  entirely  novel 
li.ibr ication  schemes. 

In  short,  the  research  that  has  been  performed  in  the  recent  years  gives 
us  confidence  that  the  early  disappointments  do  not  reflect  a  fundamental 
limitation  of  these  materials  and  that  a  technology  utilizing  their  unique 
properties  will  evolve.  We  have  also  found,  however,  that  the  hardness  of 
these  materials  does  not  justify  their  indiscriminate  use;  ceramics  will  not 
replace  metals  by  better  performance  in  all  applications,  they  will  allow 
us  instead  to  develop  novel  technologies  that  would  not  have  been  possible 
with  the  more  traditional  materials.  The  remainder  of  this  document  will 
describe  in  more,  detail  what  we  know  about  the  properties  of  ceramics  and 
their  tribological  performance  and  will  provide  specific  research 
recomm.endations  . 

Ceramic  materials  behave  quite  differently  from  metallic  materials. 

They  are  brittle,  with  a  small  critical  crack  size,  and  have  different 

v/tirk  -  ha  rden  i  ng  and  fatigue  properties.  Likewise,  the  adsorption  and 

rken: ;  c,'i  1  reactivity  of  lubricants  on  ceramics  are  quite  different  from  tbo-;.' 

metals.  Because  traditional  liquid  lubricants  are  not  satisfactory  for 
ceramic.s  at  high  temperatures,  solid  inorganic  lubricants  may  be  the  onlv 
matt-rials  that  can  be  used.  A  serious  need  for  basic  understanding,  as  well 
a.s  devtrlopment  and  experience  in  the.  use  of  ceramics  as  high- temperature 
t  r  i  bo  -  e  1  ement  s  ,  mi.ist  be  satisfied  if  numerous  advanced  mechanical  systems 
ire  to  be  sue  ces.s  fu  1 1  y  developed.  This  understanding  should  cover,  in  a 
continuovis,  connected  way,  a  view  of  ceramics  ranging  from  the  atomic  level 
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through  the  microstructure  to  the  bulk.  At  thi.s  la.st  lev'cl,  there  is  a 
direct  linkage  to  design  methods,  provided  the  appropriate  materials  pi'opert-,- 
data  are  available  to  the  designer. 


The  tribology  of  ceramics  is  strongly  influenced  by  interactions  between 
the  microstructure,  interface  design,  stress  distribution,  surface  condition, 
temperature,  and  application  environment.  There  are  many  trade-off.s  betwefr; 
these  factors.  For  example,  excessive  wear  due  to  elastic  fracture  oi  tlie 
ceramic  can  be  reduced  by  a  change  in  interface  design,  use  of  a  ceramic  w  i  : 
a  higher  fracture  toughness,  or  reduction  in  the  coefficient  of  friction 
through  better  surface  preparation  or  use  of  a  lubricant.  Resolution  of 
chemical  effects  may  be  more  difficult  and  may  require  a  major  design  or 
material  change.  Other  options  include  surface  coatings  (plasma  sprav, 
chemical  vapor  deposition,  physical  vapor  deposition)  or  surface  modificatirc 
t  ion  implantation,  ion  mixing,  laser  mixing).  These  are  disci.is.sed  in  a 
separate  chapter. 


There  is  considerable  synergism  among  the  factors  that  influence  the 
tribology  of  ceramics.  Temperature  typically  increases  the  effects  of 
atmosphere  and  impurities  and  can  lead  to  localized  pressures  that  further 
modify  behavior.  Corrosion  reactions  reduce  the  strength  and  hardness  of  tfu 
material  and  increase  the  susceptibility  to  mechanical  surface  damage  during 
sliding  contac t . 

The  methodology  is  now  evolving  to  develop  models  of  wear  behav'ior  from 
the  atomic  level  (quantum  chemistry  approach),  through  microstructural  modt  l.- 
that  involve  dislocation  theory  and  microscopic  -  level  fracture  mechanics,  to 
the  cont inuum- leve 1  linear  elastic  fracture  mechanics  approach.  A  logical 
linking  of  such  models  would  be  desirable. 


CONCLUSIONS 


Designs  for  some  advanced  military  and  space  systems  call  for  ceramic 
tribological  elements  to  operate  at  extreme  temperatures.  This  is  despite 
the  fact  that  there  is  no  significant  scientific  understanding  to  permit 
selecting  ceramic  tribo-elements  or  for  identifying  the  failure  modes. 
Incremental  improvements  are  insufficient  to  assure  dependable  operation  of 
the  systems.  The  science  and  technology  base  available  is  not  adequate  for 
the  development  of  advanced  mechanical  systems  operating  at  extreme 
temperatures,  where  metals  cannot  be  used. 

At  the  same  time,  program  managers  and  technical  policy-makers  lack 
awareness  of  the  critical  function  required  of  parts  such  as  ceramic  bearin; 
and  of  the  meager  knowledge  base  for  selecting  and  optimizing  a  ceramic 
,-.sfem.  Therefore,  a  major  initiative  in  tribology  of  ceramics  is  requireti. 
pa  I' :  i  cu  I  a  r  I  y  one  ir.volving  an  int;e  rdisc  ip  1  inary  attack  on  the  problem. 


rhe  following,  are  a  few  of  the  broad  issues  that  came  out  of  the  .study. 

■  Scicntitic  and  Engineering  Data:  Although  there  have  been 
sub',  t  ant  i  al  recent  advance's  in  the  science  of  tribology  in  general,  incltKii!,; 
cerami''  tritjologv,  many  new  concepts  have  been  developed  in  related  field.',, 
[here  hris  be'fn  significant  development  of  the  tools  of  science,  particularly 
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er  iin'i'e  1  I ! ;  e  I' (i  i  s  e  i  p  !  i  n.i  r  V  na'ional  eeiitt-rs  of  t  i  i  ixi  1  o  r a;  eili  r.  ■  a i  f  i  : 

i  : s  t  i  t  u i  on  s  in  !l;e  Initeh  States  is  also  iieeiled  Kill' t  he  nilo  re  .  lieeiM..  ’i, 

tlesip.n  traternitv  is  not  well  aequainted  with  t  lie  facts  that  an'  known, 

:  i  s  is  .1  tield  in  which  technolop.v  transfer  rieeds  enconrapenient  .  Recent 

initiatives  hv  the  nepartment  of  Knergv  are  <i  p,ooti  step  in  this  liiiett  ion 

I'nere  n.eed.s  to  he  a  pleat  et  awaia-ness  amonp  mechanii'al  sv.'-.te'ni  desir.iiei.s  .n. 
'l.t'  prodcuers  o!  ter.iiiiics  .ihout  the  nniqne  proper!  ies  of  ceramics  in 
■  ’  i  ho  1  o  c, ;  c  ,i  !  .ip'p  1  i  c  a  t  i  ons  if  success  in  their  ut  i  1  i ,i  t  i  on  is  to  lu-  insMiai 

■  e, c.i  s.'e  1  .nj;  :  Fnrther  development  is  needed  of  mode  !  . 

ic)';;  'lie  atomic  le’,-,!  .and  t  lie  m.ic  r  o  s<' op  i  c  level  and  their  extension  towiid. 
inich  other  in  s  i  ct-  scaK'  to  .achieve  an  uiule  rs  t  and  i  tip.  tli.at  would  pei'ii'it  t 

d.esic.ninp,  of  ma  t  e  r  i  a  1  s  .  k’ith  such  scientific  unde  r  s  t  and  i  nr,  it  should  h. 

possihle  to  iilentitv  the  e(^nt  ro  1, 1  i  up,  meehan  i  sms  in  the  performance  of 
Ceramics  used  as  t  r i ho - ma t e i  i a  1 s . 

■  /’err  orttia/tce  and’  h.’rucrtire  Rcl  lor.sh  i  ps  :  Basic  to  i.iiuie  r  s  t  and  i  tip, 

<'f  mechanical  properties  of  solids  is  an  appreciation  ot  the  structure- 

P' rope  r  t  V  -  pe  r  t  o  rmatice  re  1  a  r  i  oinih  i  p  .  This  tteeds  to  he  clarified  both  for  so 

•  •ramies  and  tor  cerainic  i'oatinp,.s.  With  sucti  a  comprehension  it  l.)ecoii:es 

possible  to  de’.'elop  arul  evalu.ate  novel  techniques  tor  the  production  tif  tv: 
and  coated  ceramics. 

■  Riirtacc  :  /  j  c.i  r  i  i).’) :  In  addition  to  piroduction  ol  mas.sivc' 

I'eramic  hodie.s,  work  on  chemical  or  structural  moditication  of  the  ceramic 
'ciiface  has  been  a  promising  area  of  tieve  1  opment  ,  and  t  h  i  .s  work  .sliould  he 

c  ont  i  ti'  led  . 


■  1  iihr  i  ca/’f  s  Innovative  concepts  tor  i  ncorporat  i  np,  or  p.eneratinp, 

solid,  li'p.iid,  or  p,aseou.s  materials  in  the  surf.ice  to  perform  th('  function 
1  luhric.int  are  hadlv  needt’d  and  should  he  actively  pursued. 

■  Kv:i  I’.:.!  r  i  on :  Much  more  data  are  needed  on  tribological  performance 
in  varioi.is  chemical,  mechanical,  and  thermal  environments.  For  such  data 
to  have  general  usefulness,  careful  characterization,  especially  of  the 
material,  is  mandatory.  In  addition,  development  (and  to  the  extent 
possihle,  standardization’)  of  tests  is  needed. 


RF.roMM  F.h’DATinNS 

Sp’ecific  recommeruiat  ions  relating  to  needed  work  in  variovis  aspects  of 

the  scienc'e  of  tribology  of  ceramics  are  p;iven  at  the  ond.s  of  cliapters,  T 

are  ri  p,  ri  iduc  c  d  here  to  provide  an  overview. 

Influence  of  Fahricatjon 

I’r  i  ho  1  nr,i  c.i  !  studies  of  ceramics  must  consider  the  variables  tli.it  mi,-l. 
■  rise  due  'o  tile  f  a ! )  r  1  c  a  t  1  Ot  1  prorc-s.s  and  incorp'orate  tlie.se  into  t  lie 

•  '.’iluat  ion  procedure  for  the  t  r  i  hf>  1  og  i  c;i  1  study.  As  a  minimum,  t  lie  cerami 


.V. 


■r. 


’’J*  "j*  '‘J'  ' 

%  %  N.  V  ••  “ 


.  •  «  -  •  ^  .  •  .  ♦  -  -  -  -  O-t*^**-  V  N* 


be  well  charae  t  e  f  i  :unl  prior  to  the  tribological  studv.  Specific-all'.' 

•  s  .^lio'ald  iocliuie  hulk  cluMnistrv,  microstructure,  surface  structure 

•  pirititus,  residual  stress,  cracks,  etc.),  pore  d  i  s  t  i  i  liut  i  on  ,  strength, 

i  'Rodulus,  Pois.son's  ratio,  and  ffacture  toughne:, 

K<  search,  is  needeci  to  actiuire  more  understanding  of  the  relationships 
uig  proct'ss  parameters  (and  the  resulting  structure),  physical  and  mechan 
1 p  laijie  r  t  i  es  ,  and  the  resulting  tribological  performance.  This  not  onlv 
;ld  pei'mit  t  iie  optimisation  of  a  given  process,  but  also  would  provide  a 
. ; tor  select  iru;  from  alternate  fabrication  techniques. 


'lie  of. Si  of  cei'amic  1  ul)  r  i  ca  t  i  on ,  the  most  urgent  need  is  to  d£‘velop<  . 
.  ■  i ’.-e  i 'ibr  i  cat  i  on  s-tstem  so  that  ceramics  can  be  utilized  e  f  fee  t  i  ve  1  . 

1  o::’p;;.,h  •  b. ;  s  .  research  in  several  areas  needs  to  be  acidressed: 

l  ubricat  ion  .Mecticinisms 

■  l.ow  temperature  itnilk  temperature)  applications  are  going  to  create 
1  iteet.t  slio rt  -  te rm  markets  for  structural  ceramics.  The  chemical 

e  ti’.'itv  between  iivdrocarbon  structures  with  ceramic  surfaces  needs  to  tie 
iiiod.  'ihe  meciianisms  of  reaction  and  rates  of  reaction  under  boundary 
ification  conditions  sfiould  be  studied  to  examine  the  structural  effects, 
c-  inr.,il  group  influence,  and  the  physical  properties  effects. 

■  Surf.ice  forces  at  ceramic  surfaces  need  to  be  measured.  The 
iirional  doutile  laver  forces  at  ceramic  surfaces  will  effect  adsorption, 

't  i  c.iut  -  sub.st  rat  e  adhesion,  wetting,  and  reactivity. 

■  i.uhrication  mechanisms  of  solid  lubricants  at  high  temperatures  need 
u'idation.  F.ffects  of  diffusion,  segregation,  reactions,  degradation  on 
ii'sion,  and  surface  protection  need  careful  study.  The  formation  of  new 
i.ses,  reaction  products  at  high  temperatures,  with  and  without  tribo- 
itact.s,  needs  to  be  defined. 

■  I'he rmodynamic  equilibrium  of  phases  and  solubilities  of  the  lubricant 
1  substrate  needs  to  be  experimentally  determined  and  subsequently 

d i c  t  cd  hv  model s , 

■  !)fgr. ada  t  i  on  mechani.sms  of  lubricants  and  their  influence  on  friction 
!  wt  .ii'  o'.'er  the  tempera; ';re  ranges  should  be  studied. 

I ill  r  i  c a n  t  Dt’-.U'  1  opmcai t 

•  K  !  ('(Pen  t  ’  s  [lec  i  f  i  r  ciiemi.stry  based  additives  that  provide  friction  anri 
i:  ni'tral  ri'.rour.h  t  hi-  form. it  ion  of  protective  friction  and  wear  control 
‘lie  forma;  ion  of  protective  films  need  to  be  developed. 

■  i ph . t empe ra ; ure  antioxidants  that  can  survive  aOO°C  for  a  short 

iod  nf  ;  i  me  'dioulfi  be  dcvelopefi.  Various  mechanisms  may  be  operativt-  at 

' .  ■  1  ir ; ■('  r .  i  t  ta re  . 
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■  For  heat  engine  applications,  hifh  temperature  (400°C)  ashless 
tl  i  spe  rsant  s  and  acid  neutralizers  are  nt-ded. 

■  Novel  compositions  in  synthesizing  high- temperature  liquid  lubricant 
nt-ed  to  be  explored. 

Lubricant  Delivery  and  Disposal  Research 

■  Vapor  phase - depos i ted  lubricants  for  short  duration  protection 
constitute  a  very  attractive  concept.  Functionality,  reactivity,  deposit 
control,  and  reaction  mechanisms  need  to  be  systematically  investigated. 

■  Impregnation  of  lubricants  into  the  materials  substrate  bv  coating.s, 
pt.v.sical  vapor  deposition,  ion  beam  mixing,  and  sel  f  -  lubr  i  ca  t  i  ng  composites 
.siiciuld  be  explored. 

■  Spent  lubricant  and  wear  debris  will  be  deleterious  to  system 
durability.  Mechanical  design  changes  as  well  as  chemical  means  in  removing 
them  may  be  critical  to  the  lubricant  selection. 

In  ceramic  lubrication  research  fundamental  information  is  lacking. 

'.•.‘hile  the  technology  of  metal  lubrication  has  matured,  detailed  mechanisms 
.:rc  not  fully  understood.  Thus  information  transfer  from  existing 
technologies  to  ceramic  lubrication  may  be  very  few.  A  systematic  effort  i.s 
defining  the  surface  energy,  surface  reactivity,  and  surface  composition  of 
simple  single  crystals  with  different  molecules  under  different  environmental 
factors  needs  to  be  established. 

'"Itemistry  of  Ceramic  Surfaces 


■  A  systematic  knowledge  of  the  surface  chemistry  of  ceramics  (i.e., 
their  surface  composition,  adsorption,  surface  reactions)  must  be  acquired 
over  a  temperature  range  extending  from  200  to  approximately  1400°K.  This  is 
.i  prerequisite  for  the  formulation  of  lubricants  and  additives. 

■  The  phenomenology  and  mechanism  of  tr ibochemistry  of  ceramics,  defined 
.'is  the  chemical  reactions  induced  or  modified  by  friction,  must  be  studied  in 
the  environment  and  in  contact  with  the  lubricants  expected  over  the  whole 
temperature  range  to  be  encountered  in  practice, 

■  Surface  characterization  methods  capable  of  detecting  water  and 
itvdrogen  must  be  further  developed  because  of  the  widespread  occurrence  of 
surface  hvdration  of  ceramics. 

■  Si.irface  morphology  and  structure  must  be  determined  with  very  fine 
Liti'ral  resolution  because  of  the  importance  of  stress  concentrations  in  the 
I'liv.r.u't  of  hard  bodies. 

■  Surface  crystallography  must  be  studied  as  modified  by  friction. 
T'i';r,!icn  i  ng  .ind  embrittling  phase  transformations  have  been  discovered  and 
■'iilit-.-  tile  friction  behavior. 
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■  A  better  understandifig  of  the  hardness  and  toughness  of  ceramic 
surfaces  must  be  obtiiined  because  of  their  influence  on  contact  geometry  ciiui 
stresses . 

■  The  influence  of  adsorption  on  crack  initiation  and  crack  propagation 
plavs  an  important  role  on  wear  and  lubrication  of  ceramics.  These  phenomena 
demand  an  exhaustive  experimental  and  theoretical  study. 

■  More  progress  must  be  made  in  the  nondestructive  detection  of  near 
surface  flaws  and  cracks  because  the  latter  determine  the  reliability  and 
wear  resistance  of  ceramics  and  could  vastly  improve  the  manufacturing  of 
these  materials. 


Surface  Characterization 

■  Investigate  improved  methods  for  detecting  light  elements,  especially 
hydrogen  and  its  chemical  radicals  and  compounds  (e.g.,  hydroxyl,  water, 
etc.). 


■  Develop  techniques  for  in  situ  analyses  of  ceramic  wear  surfaces 
during  tribological  experiments. 

■  Investigate  techniques  that  do  not  require  a  vacuum  (e.g. ,  optical 
techniques  such  as  FTIR,  Raman,  etc.). 

■  Explore  methods  such  as  the  use  of  a  small  spot  electron  spectroscopy 
for  chemical  analysis  (ESCA)  device  with  an  atmosphere  working  chamber 
connected  to  a  vacuum  analytical  chamber  via  interconnect  locks  for  rapid 
transfer  of  specimens  from  working  environments  to  an  analytical  chamber 
within  the  same  apparatus. 

Fracture  and  Wear  of  Ceramics 

■  To  provide  a  basis  for  fundamental  understanding,  we  need  to  establish 
a  quantitative  equation  for  the  mechanical  wear  of  ceramics.  This  would 
include  (a)  a  theoretical  description  of  wear  by  microfracture  according  to 
fracture  mechanics  and  contact  stress  distributions,  (b)  a  determination  of 
the  relative  importance  of  toughness  and  hardness  in  wear,  (c)  establishment 
of  the  load  dependence  on  wear  in  elastic  contact  and  fracture,  and  (d)  a 
determination  of  the  role  of  microstructure  on  the  resistance  to  wear  bv 

f  rac  ture . 

■  Additional  fundamental  understanding  also  needed  is  a  quantification 
of  the  mi c rof rac ture  in  wear  as  a  function  of  material  characteristics  and 
contact  stress  conditions.  This  includes  (a)  effect  of  microstructure  on 
fracture  of  the  material,  (b)  relation  of  the  microstructure  to  the  scale  of 
the  wear  process,  (c)  relation  of  the  scale  of  toughening  components  to  wear, 
ind  (d)  stress  concentration  at  micropores. 
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Modeling  of  the  Chemical  and  Tribological  FroiU'rties  of  Terairic  Smi  i 

To  establish  a  basis  for  atomic  -  level  simulation  ot  t  b.e  f  vmci.iiri 
surface  processes  responsible  for  friction,  adhesion,  w(-ar,  and  ahr.i;.:'’  , 
following  is  recommended: 

■  A  major  thrust  is  needed  in  the  development  of  t  heore  t  i  c.-,  1  iiat  i.Mt;  , 
relevant  to  tribology  and  ceramics.  This  would  involve  quantLiin  cluiii  i  t  i".' 
studies  of  the  fundamental  forces  in  model  systems,  development  of  foire 
fields  suitable  for  atomic-level  simulations,  and  simulations  of  naiis;  ;  ■ 
models  and  tribological  systems. 

■  Focus  fundamental  studies  (both  theoretical  and  exper  iment  a. !  '  on 
series  of  standard  systems  that  will  serve  as  benchmarks  for  coir.par  i  son 
between  theory  and  experiment  and  betweou  the  work  of  different 
laboratories . 

Chemical  Interaction  Among  Ceramic  Components 

It  is  likely  that  the  chemical  interactions  among  ceramic  components  v; : 
ultimately  determine  their  performance  in  practical  applications,  Therefoi 
given  the  current  lack  of  theoretical  guidance  in  materials  selection,  it  ; 
im.portant  to  begin  the  development  and  evaluation  of  theoretical  models  tli; 
can  be  used  in  design.  The  following  steps  are  recommended: 

■  Undertake  a  study  of  available  metal -ceramic  and  ceram ic - ce rami c  ph; 
diagram  data  to  develop  semi -empirical  compatibility  criteria  for  ceramic 
:r.ater  ials  . 

■  Begin  to  develop  quantitative,  analytical  friction  and  wear  models 
based  on  the  chemical  affinity  between  sliding  surfaces  as  evaluated  by 
chemical  thermodynamic  calculations. 

■  Undertake  test  programs  on  well-characterized  materials  to  provide 
reliable  data  for  comparison  to  model  predictions.  Both  ceramic - cerami c  ai 
.Tefa  1 -ceramic  systems  should  be  included. 

■  Incorporate  the  modification  of  contact  stresses  by  lubricants  in 
the  hotindarv.  mixed  and  hydrodynamic  lubrication  regimes  into  theories  of 
friction  and  wear. 


Chapter  2 


TRIBOLOGICAL  NEEDS 


Material  requirements  for  tribological  elements  are  among  the  most 
severe  of  all  mechanical  systems.  Both  bulk  and  surface  properties  are 
important.  Mechanical,  thermal,  and  chemical  properties  are  all  signifi¬ 
cant  for  the  successful  production  and  application  of  tribo-elements .  In 
addition,  materials  used  as  tribo-elements  must  be  capable  of  being  shaped 
vith  high  accuracy  in  form  as  well  as  to  a  fine  surface  finish.  The  material 
.mu.sr  also  be  capable  of  maintaining  long-term  stable  geometry  and  integrity. 

In  a  mechanical  system,  the  tribo-element  must  be  a  structural  element 
tp.e  surface  of  which  is  subjected  to  high  local  stresses  (to  3  GPa)  and  high 
local  temperature  rises  (hundreds  of  degrees)  above  the  bulk  temperature. 

The  surface  also  experiences  chemical  interaction  with  the  environment.  The 
most  desired  chemical  interaction  is  for  the  surface  reaction  to  result  in 
a  useful  (protective)  tribological  film  formed  at  an  acceptable  rate.  One 
cannot  generalize  about  the  tribological  material  requirements  because  those 
requirem.ents  vary  with  the  type  of  tribo-element  and  the  mechanical  system  in 
which  it  is  to  be  used.  Lip  seals,  brakes,  or  sleeve  bearings 
have  different  requirements  from  rolling  element  bearings,  cams,  or  gears. 
Tribo-el.ements  that  are  to  operate  in  precision  instruments  have  different 
requirements  from  those  used  in  a  minimum  cooled  internal  combustion  engine 
or  ship  shaft  seal.  Simply  stating  that  the  tribo-material  must  have  low 
friction  and  low  wear  is  not  of  value  in  understanding  the  tribological 
ma  ter i a  1  needs . 

The  level  of  understanding  of  tribo-material  performance  required  is 
iiigh  because  tribo-elements  play  a  key  role  in  determining  the  reliability  of 
mechanical  systems.  In  addition,  quality  control  and  nondestructive  testing 
'echnologv  must  be  developed  for  new  materials  when  they  are  to  be  used  in 
t  r i bo  I og ic a  1  app I i c a t i ons . 

Tribological  evaluation  oi  materials  is  currently  an  art  at  best  and 
I  err. ^  it;]  V  not  a  science.  .As  was  clearly  developed  in  the  1985  DOE  workshop 
c'.  r  i  ho  -  t  e  s i  ng  .  there  is  no  simple  measurement  to  be  made  that  will  qualifv 
a  m.i'frlril  as  suitable  for  a  given  tribological  application  (Yust  et  al  .  , 

There  i  .s  a  great  nt  ed  to  cievelop  the  technology  of  tribo- testing  to 
provide  the  full  spf-ctrum  of  tribo-material  evaluation,  from  material 


:  .  r.'f:n  i.i-  ;  ti  full  s  i  imi  1  a  r  i  vo  evaluation,  all  with  relevance  to  the  intended 
c,  i  i  c  ,i :  i  UP.  area.  Numerous  screening  tests  are  used  to  define  the  possible 
; :  :  .'lb  i  1  ; V  ot  a  giveii  material  for  a  piartlcular  tr  ibo  -  appl  icat  ion  .  More 
•.pvirupr  i  ate  1 V  ,  re;i-sonabl  v  complete  systems  simulations  of  the  application 
iPu  uop.tluc  t  ed  to  build  confidence  in  the  appropriateness  of  a  material 
sf ; et  ; i UP .  Ill  the  final  analysis,  full-scale  prototype  testing  is  usually 
Pi'P.'.ircd  to  establish  coitfidence  in  a  new  material  for  a  tribological 
it'p  M  u.it  i  u!! .  Tribological  materials  requirements  cannot  be  meaningfully 
:  ;  ■  ■.'iiiud  independent  of  the  application, 

li.e  ust'  of  ceramicns  as  tribo-materials  is  not  new.  Ceramics  have 
'.up.,-  ’m  eTi  used  successfully  as  t  r  ibo  -  e  1  ements  in  precision  mechanical 
: ,  r  r  ctenrat  ion  such  as  ch.ronometers  .  These  applications  are  not  severe  in 
.1  tribological  sense.  In  the  past  decade,  ceramics  have  come  into  general 
r-.e  in,  me  t  a  1  -  cut  t  ing  tools,  both  as  coatings  and  as  monolithic  components. 
S':,:b.  applications  are  among  the  most  severe  of  all  tribo-elements ,  but  the 
lire  requirements  are  generally  short  compared  to  tribo-elements  in  other 
mechanical  svstem.s.  Ceramics  are  also  used  as  seal  faces  and  electrical 
rorushes.  Ceramics  will  continue  to  be  considered  and  evaluated  for 
:  r  i  i,)o  -  ..ipp  I  tea  t  i  ons  whenever  their  use  seems  potentially  advantageous. 

;\t!  important  question  for  consideration  is  whether  there  are  other 
•  Lbo 1 og i c a  1  applications  with  particular  requirements  that  might  be 
s.itLsfied  bv  ceramics.  Tribo-elements  are  generally  made  of  metals  and/or 
solid  polymers.  In  what  ways  are  the  properties  of  ceramics  different  from 
those  of  metals  and  polymers,  ways  that  might  permit  ceramics  to  be  used 
advantageously  in  tribological  applications?  Ceramics  are  characterized 
bv  higher  rigidity  and  frequently  by  greater  high- temperature  strength  and 
stability  than  are  metals  or  polymers.  Their  density  and  thermal  conduc- 
r.ivitv  are  lower  than  those  of  metals  but  higher  than  those  of  polymers. 
Finally,  ceramics  are  made  of  readily  available  raw  materials,  a  quality  that 
The  Japanese  have  found  attractive.  The  raw  material  difference  between 
ceramics  and  high-performance  metals  is  more  a  question  of  anticipated 
.a'.'a  i  lab  i  1  i  ty  of  strategic  materials  than  of  economics,  because,  in  selecting 
r.  r  iho  -  mater  ials  ,  performance  is  generally  more  important  than  cost. 

On  the  basis  of  these  characteristic  differences  between  ceramics 
and  other  tribo-materials,  many  potential  applications  for  ceramics  are 
apparent.  Perhaps  the  most  obvious  is  the  need  for  tribo-materials  for 
b i gh - t emperattire  thermal  systems  development,  such  as  the  minimum-cooled 
engine  and  hi  gii-performance  turbine  engines.  The  lower  density  of 
•  r.itic.s  .sugge.sts  using  them  in  high-DN*  rolling  element  bearings  to  reduce 
t  i  !  i!g,a]  forces  between  the  rolling  element  and  the  race.  The  higher 
-.s'ic  modulus  inriicates  potential  application  wherever  high  stiffness  is 
i ;iu  ■.- *  a;;t  in  m.e  c  iian  i  c  a  1  .systems  such  as  machine  tools  and  mechano  -  optical 
;.  '.‘riur.ing  svst(-iiis.  The  differtmt  chemical  properties  suggest  the  use  of 
■riniuu  as  tribo-materials  in  various  chemical  processing  systems  and  in 
''bur  biOs'.  ile  err.' i  ronment  s  .  The  different  chemical  properties,  however, 

;  u  i  I  ‘  ■  ■  b.e  possible  need  for  new  Ivihricants  to  be  used  with  ceramics  and  to 

b'-'  is  •  b<  prod.'!'-:  of  'he  l)earing.  bore  diameter  (D)  in  millimeters  times  the 
■  I'sm:  speed  I >  in  Tevfsiutions  per  minute  and  is  a  measure  of  bearing 
:•  :  '  u  s  ITS  ••  i  i  i:i  i  V):  i  i  M-.s  in  harge  and/or  high-speed  .systems. 
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the  possibility  of  unanticipated  surface  reactions  with  the  environment, 
which  may  be  either  beneficial  or  deleterious.  Uliile  future  applications 
cannot  all  be  identified,  certainly  tribological  needs  that  might  be 
satisfied  by  ceramics  are  numerous. 

In  the  total  scheme  of  mechanical  system  development  or  operation, 
tribo - elements  are  not  the  primary  concern  of  those  responsible  but  are 
part  of  the  necessary,  but  not  sufficient,  supporting  technology  often  taken 
for  granted.  The  acceptability  criteria  for  tribo-elements ,  including  the 
choice  of  material  of  construction,  are  usually  based  on  reliability,  wear, 
friction,  and  cost,  in  that  order.  Because  the  cost  of  existing  tribo- 
elements  is  usually  small  when  compared  to  the  total  mechanical  system  cost, 
the  economics  are  important  only  after  the  reliability,  wear,  and  friction 
of  the  tribo-element  are  acceptable.  The  support  role  of  tribo - e lement 
technology  suggests  that  the  tribological  needs  can  be  div'ided  into  two  broad 
categories;  (a)  tribological  needs  in  existing  commercially  available 
mechanical  systems  and  (b)  tribological  needs  in  new  mechanical  system 
concepts  under  development. 

The  tribological  needs  in  existing  mechanical  systems  that  are 
commercially  available  are  many  and  varied  but  seldom  imperative  in  nature, 
Engineers  responsible  for  these  systems  are  frequently  on  the  lookout  for 
tribo-elements  that  give  a  significant  improvement  in  one  or  more  of  the 
five  areas  (reliability,  durability,  wear,  friction,  and  cost)  without  any 
significant  penalty  in  any  of  the  other  areas.  Examples  are  numerous  where 
improved  reliability,  longer  wear  life,  or  reduced  friction  would  be  welcome 
in  existing  mechanical  systems,  even  if  no  other  direct  benefit  was  obtained 
for  the  system.  In  other  cases,  improved  tribo-elements  will  permit  signi¬ 
ficant  primary  advances  in  the  existing  mechanical  system.  Examples  of  these 
advances  include  higher  DN  rolling  element  bearings  permitting  greater 
thrust-to-weight  ratio  in  aircraft  turbine  engines  by  allowing  higher  shaft 
speeds;  improved  metal-cutting  tools  permitting  higher  production  rates; 
better  workpiece  dimensional  control  in  manufacturing;  and  lighter  weight, 
lower  friction  tribo-rnaterials  that  result  in  better  fuel  economy  in 
automotive  engines.  In  this  last  category  the  introduction  of  new  tribo- 
rnaterials  such  as  ceramics  may  permit  significant  advances  in  the  evolution 
of  existing  mechanical  systems. 

In  the  development  of  advanced  mechanical  system  concepts,  tribo- 
elements  and  tribo-rnaterials  may  be  among  the  primary  pacing  technologies. 
Recent  Department  of  Energy  and  Defense  Advanced  Research  Projects  Agency 
studies  have  delineated  the  tribological  needs  in  advanced  heat  engine 
development  ( Fehrenbacher  and  Levinson,  1985;  Fehrenbacher  and  Oelrich, 

1984)  and  in  advanced  military  system  development  (Fehrenbacher  and  Oelrich, 
1984).  In  the  development  of  new  concepts  for  heat  engines,  tribo-elements, 
primarily  in  the  form  of  seals,  have  historically  been  the  pacing  techno¬ 
logy.  This  factor  was  apparent  50  years  ago  in  the  development  of  the 
aircraft  gas  '  ;rblne  engine  (gas  path  seals)  and  is  still  true  today 
('Fehrenbacher  and  Levinson,  1985;  Fehrenbacher  and  Oelrich,  1984). 

Tablc‘  2-1  lists  the  current  limiting  tribological  components  for 
advanced  heat  engines.  In  some  cases  (e.g.,  the  automotive  turbine,  Wankel. 
and  Stirling  engine.s)  the  tribo-element  development  has  been  the  pacing 
technological  factor  for  the  last  2  to  3  decades.  The  r ing - cy 1 i nder 
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tribology  has  been  the  pacing  technological  factor  for  the  low-heat  reject  i 
(adiabatic)  diesel  for  a  decade.  As  recently  as  1984,  reports  of  engiiu 
testing  in  the  low-heat  rejection  engine  program  indicate  that  tribolorv 
problems,  particularly  in  the  upper  cylinder  region,  still  present  fnrmid..; 
development  hurdles  (Johnson,  1984).  The  low-heat  rejection  die.sel  pror.r.i: 
has  been  under  way  for  over  a  decade,  and  concern  is  growing  among  engin.e 
developers  and  government  officials  that  the  full  potential  of  tiie  advan.eet 
engine  will  never  be  realized  unless  associated  tribology  advancements  ats- 
forthcoming  (Fehrenbacher  and  Levinson,  1985), 


TABLE  2-1  Limiting  Tribo-Components  for  Advanced  Heat  Engines 


Engine 

Critical 

Tribological 

Type 

Components 

Limi t a  t i on 

Automotive  turbine 

Rotary  regenerator  seals 

High  temperature 

,  low  wear. 

solid  lubricated 

m.at  er  i  al .s 

Rotarv  Wankel 

Apex  <^eals 

Low  wear,  solid 
materials 

luhricatt'd 

Stirling 

Piston-cylinder  seals. 

High  temperature 

.  low’  w't'»cjr. 

dry  lubricated  crank¬ 
shaft  bearings 

solid  lubricated 

ma  r  e  r i a  1 s 

Diesel 

Cylinder  kit 

High  -  temperature 
lubricants 

1  iqu  i  d 

Source:  Fehrenbacher  and  Levinson,  1985. 


The  Institute  for  Defense  Analyses  report  for  the  Defense  Advanced 
Research  Projects  Agency  (Fehrenbacher  and  Oelrich,  1984)  found  that  a 
of  advanced  military  systems  under  development  had  critical  tribological 
needs  that  were  pacing  the  development  of  those  systems.  Figure  2-1  shows 
matrix  of  these  systems  and  the  associated  tribological  needs  where  solid- 
lubricated  ceramics  technology  is  believed  to  be  essential  or  desirable  to 
the  system  development. 

An  important  fact  shown  by  Figure  2-1  is  that  the  use  of  nonmc'tals  nr 
nonmetallic  surfaces  is  desirable  or  essential  for  most  applications.  Th..- 
et-itreme  environmental  conditions  in  which  these  tr  ibo  -  svst  ems  must  functiiii 
strongl','  favor  or  demand  development  of  sol  id- lubr  icat  ed  ceramic  tribo- 
Kvstems.  The  anticipated  greater  fa'^igue  and  wear  re.>^  i  s  t  anc  e  anti 
chemical  and  dimensional  stability  are  inherent  advantages  ot  t  r i bo - e 1  .cr.  : . • 
made  from  ceramics.  However,  the  technology  base  for  so  1  i d - I ub i  i  (  .i  t  i  d 
ceramics  is  so  rudimentary  for  many  of  thes(>  applicat  ions  th.it  subst.uit  i,.'. 
i  i;;p  rovement  in  tinde  r  .s  t  and  i  ng  of'  t  r  ibo  -  chem  ica  1  aiuf  t  r  i  bo  -  mech.in  i  c  a  1 
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SOLID  LUBRICATION 
ADVANCED  LIQUID  LUBRICATION 
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NON-METALLIC 
ELECTRICALLY  CONDUCTING 
CRYOGENIC  WEAR  MATE  uALS 

r  ]  ESSENTIAL  ^ 


OESIRABLE 


Li. 1  iy.it  <-;■  ial  s  r  equ  i  reirencs  for  critical  applications, 
tor  .so  1  i d -  1  i ra roci  ceramics  technology  (Fehrenbacher  and 


will  be  reqyiired.  Significant  payoffs  could  result  from  the 

T'.t  of  sol  id- lubricated  ceramic  materials  systems  (Fehrenbacher  and 
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is  a  m.iior  need  for  the  development  of  a  science  and  technology 
■.'i.ition  to  the  use  of  ceramics  as  tribo-materials .  There  simply  is 
.■  ■  u'.di' r s '  tind i  nr,  and  experience  in  the  field  to  expect  satisfactory 
<  ,■  o;  tririo- elements  in  advanced  and  extreme  -  temperature  mechanical 
r.  i'an’ics  car.not  be  successfully  employed  simply  by  substituting 
nr'tnr  r  r  i  ho -mater  I  als  .  Manv  mechanical  systems  currently  under 
■n-  will  not  be  successful  unless  the  science  and  technology  base  of 
■  r  i 'on  -  mat  (■  r  i  a  1  s  is  established. 

.r.o’.  rip'.-  'ransfer  is  also  a  major  need  in  this  field.  The  results 

1  iiritfd  r.eneric  research  and  development  studies  that  have  been 
:  -i.i.  hr.cwl  .-(ige  that  must  be  developed,  need  to  be  transferred  in  an 
ydfble  f.ishioii  to  Murhanical  svstem.s  designers.  The  unique  charac- 
o;  coiMrrios  lend  promise  to  t  lie  potentiiil  use  of  ceramics  to 
•he  r!,.-.-,  !  ojiiien-  o;  .siver.al  mechanical  sv.stem.s.  However,  the 

,  ,  r.iri'  •;  in  ;  ho  -  svs ;  eirs  must  be  better  understood,  and  that 
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understanding  must  be  conveyed  to  the  mechanical  system  designer  in  a  usable 
iorin  helore  the  potential  of  ceramic  tribo - elements  can  be  attained. 


In  addition,  there  is,  on  the  part  of  major  advanced  mechanical  systems 
planners  and  managers,  a  serious  lack  of  awareness  of  the  importance  of 
tribologv  to  the  successful  development  of  those  systems.  Resources  are  not 
made  available  to  develop  the  critical  tribo - technology  at  the  beginning  of  a 
project.  When  the  inev'itable  problems  are  encountered,  the  seriousness  of 
the  associated  lack  of  knowledge  and  human  resource  basis  is  usually  not 
recognized.  This  lack  of  awareness  has  been  a  historical  problem  in  the 
field  of  tribologv,  resulting  in  a  totally  inadequate  human  resource  base 
.nid  knowledge  base  in  this  important  field.  Tribology  is  a  significant 
enabling  technology  throughout  virtually  all  fields  of  engineering,  yet  it 
is  rare  that  an  engineering  student  at  any  level  is  exposed  to  the  field. 
There  is  also  relatively  little  tribology  research  and  development  activity 
in  the  national  laboratories  and  in  most  industry.  A  major  need  in  tribology 
in  general,  and  the  tribology  of  ceramics  in  particular,  is  the  need  to 
establish  a  human  resource  base  within  which  knowledge  and  experience  in  this 
iirportant  enabling  field  of  technology  can  be  developed. 
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Chapter  3 


INFLUENCE  OF  FABRICATION  ON  BEHAVIC^  OF  CERAMIC  TRIBO- ELEMENTS 


Chapter  2  provided  an  overview  of  tribological  needs  and  key  application 
categories.  Chapters  3  through  9  present  further  details  on  tribology  needs, 
background  information  for  specific  aspects  of  tribology,  and  recommendations 
that  should  be  considered  for  future  tribology  program  planning.  This 
chapter  concentrates  on  a  general  discussion  of  the  influence  of  fabrication 
of  ceramic  tribo - elements  and  Identifies  some  important  considerations  for 
fabrication  and  characterization. 

The  tribological  characteristics  of  a  monolithic  ceramic,  a  composite 
ceramic,  or  a  surface  modification  are  strongly  influenced  by  the  fabrication 
process.  This  chapter  discusses  the  steps  of  fabrication,  the  different 
fabrication  approaches,  and  the  potential  effects  on  the  tribological 
behavior.  Fabrication  of  the  bulk  ceramic  is  discussed  first,  followed 
by  discussion  of  the  coating  and  surface-modification  approaches. 


MONOLITHIC  CERAMICS 

For  the  purposes  of  this  document  "monolithic  ceramic"  refers  to  the  use 
of  a  bulk  noncomposite  ceramic  material  as  the  tribological  surface,  rather 
than  the  use  of  a  coating  or  a  surface  modification.  The  ceramic  can  either 
constitute  the  whole  component  or  an  insert. 

The  tribological  characteristics  of  a  ceramic  material  can  be  strongly 
influenced  by  the  fabrication  process.  Table  3-1  lists  the  steps  in 
fabrication  of  a  ceramic  material,  identifies  factors  that  might  influence 
the  tribology,  and  suggests  associated  mechanisms  that  must  be  assessed  that 
might  limit  tribological  use  of  the  ceramic. 

The  processing  steps  listed  in  Table  3-1  are  not  independent  of  each 
other.  Each  affects  tlie  others.  For  instance,  the  composition  strongly 
affects  the  dens i f i cat  ion  kinetics  and  the  powder  preparation  strongly 
influences  the  forming  and  densif ication  parameters.  This  interdependence 
increases  the  difficulty  of  study  of  the  influence  of  processing  on 
tribology;  it  places  stringent  demands  on  the  researcher  to  carefully 
characterize  the  ceramic  material  for  variations  that  may  arise  due  to 


processing.  Characterization  of  the  ceramic  prior  to  tribological  test  in 
should  include  surface  and  bulk  evaluation  of  chemistry,  phase  content,  a 
microstructures  as  well  as  measurement  of  density,  strength  (including 
critical  flaw  size),  hardness,  fracture  toughness,  and  surface  f  ini.sh 
(including  SEM  or  replica  TEM  to  show  the  distribution  and  nature  of 
asperities) . 

The  following  sections  discuss  key  considerations  for  each  of  the 
processing  steps  listed  in  Table  3-1. 


TABLE  3-1  Fabrication  Factors  and  Their  Influence  on  Tribolor.v 


Process  Step 


Factors  Influencing  Tribology 


Powder  preparation  Final  grain  size;  homogeneity; 

final  surface  finish;  critical 
flaw  size 


Forming 


Dens i f icat ion 


Finishing 


Homogeneity;  critical  flaw 
size;  residual  stress; 
dimensional  tolerance 

Grain  size;  critical  flaw  size; 
dimensional  tolerance 

Surface  finish;  critical  flaw 
size;  friction  and  wear 
coefficients 


Potential  Limiting 
Mechanisms 


Asperities  ;  streng.r!; 
spall  sites 


Geometry;  strength 


Geometry;  strengtli 


Asperities;  strength 
surface  chemistry 


Powder  Preparation 

The  first  major  step  in  processing  is  powder  preparation.  As-received 
powders  generally  do  not  have  the  optimum  particle  size  and  distribution 
characteristics  needed  to  be  formed  and  densified  to  optimum  propertie.s. 

The  powders  typically  are  milled  or  classified,  during  which  additional 
impurities  are  picked  up  that  may  affect  the  composition  or  become  inhomo¬ 
geneities,  which  reduce  strength.  The  powder  preparation  influtuices  t he 
final  grain  size,  the  surface  fini.sh  that  can  be  a'  ’ed,  and  the  mati'i  ial 
strength . 

Forming 

The  forming  step  involves  compaction  of  the  powder  into  a  preform  Llri; 
can  be  densified.  An  important  criterion  is  to  achieve  as  close  packinr, 
of  the  particles  as  possible.  Organic  additives  are  u.sed  as  lubricant  .s. 
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compaction  aids,  and  binders.  Concerns  here  are  homogeneity,  retained 
residues  from  organics,  residual  stresses,  and  dimensional  tolerances. 

A  variety  of  forming  techniques  are  available.  The  most  common  are 
pressing,  slip  casting,  extrusion,  and  injection  molding.  Each  has  many 
parameters  that  must  be  carefully  controlled  to  achieve  a  reproducible 
product.  Each  can  result  in  defects  unique  to  that  specific  forming 
process.  A  tribology  researcher  must  therefore  be  aware  of  the  forming 
process  by  which  test  specimens  or  tribo-elements  were  fabricated  and  must 
bo  knowledgeable  of  the  types  of  defects  that  are  inherent  to  that  process. 
Discussions  of  the  forming  processes  (and  other  process  steps)  and  potential 
defects  are  available  in  the  literature  (Mangels  and  Messing,  1984; 
Richerson,  1982;  Onoda  and  Hench ,  1978;  Wang,  1976). 

Densi fication 


Densif ication  involves  the  bonding  together  of  the  individual  particles 
into  a  strong,  pore-free  ceramic  body.  This  is  achieved  at  high  tempera¬ 
ture.  The  temperature  depends  on  the  material  and  the  nature  of  the 
sintering  aid  additives  and  impurities.  Alumina  is  normally  densif ied  in 
the  range  1400  to  1700°C.  Silicon  carbide  typically  requires  a  temperature 
greater  than  2100°C. 


% 


The  success  of  the  densif ication  step  is  determined  by  control  of  furnace 
parameters  (temperature,  pressure,  atmosphere,  cycle  time,  fixturing,  etc.) 
as  well  as  by  the  quality  of  the  starting  powder,  powder  preparation,  and 
forming.  Defects  from  the  prior  processing  steps  are  usually  not  removed  by 
the  densif ication  step. 

The  composition  and  sintering  aid  strongly  affect  the  densif ication  step 
and  the  resulting  properties  of  the  ceramic.  Liquid-phase  sintering  leaves 
a  concentration  of  the  sintering  aid  plus  impurities  as  a  thin  film  between 
grains  of  the  baseline  ceramic.  This  microstructural  inhomogeneity  will  have 
a  different  tribological  response  than  will  a  uniform  microstructure  derived 
from  solid-state  sintering.  This  does  not  mean  that  the  solid-state  sintered 
material  will  work  better.  It  just  means  that  the  tribology  researcher  needs 
to  be  aware  of  the  sintering  mechanism  and  must  characterize  the  material 
for  any  microstructural  inhomogeneity  that  might  affect  the  tribological 
behav i or . 

The  grain  boundary  phases  are  examples  of  short-range  composition 
variations  that  are  distributed  throughout  the  material  and  thus  have  a  bulk 
effect.  Some  inhomogeneities  are  more  random  in  distribution  and  result  from 
isolated  inclusions  (present  in  the  starting  powder  or  picked  up  during 
proce.ss  ing)  ,  isolated  large  pores  (arising  from  agglomerates  in  the  powdei' 

.11', fi  poor  particle  packing  during  forming),  or  irregular  grain  growth.  These 
i nt e rm i t 'ent  inhomogeneities  may  affect  the  tribology,  but  they  definitely 
at  feet  the  mechanical  properties. 


Shrinkage  occurs  during  dens  i  ficat  ion .  The  amount  of  shrinkag.e  i.s  tfie 
I'l  i  fe  rence  between  the  total  porosity  in  the  powder  compart  (after  remo'.-.il  of 
org.inic  binder.s,  etc.)  and  the  final  porosity  after  sintering.  Linear 
shrinkage  typically  is  13  to  20  percent  .  This  large  amount  of  dimensional 
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change  makes  it  difficult  to  fabricate  a  ceramic  part  within  close  tolerances 
without  a  finish  machining  operation. 

Surf ace - connec ted  porosity  is  generally  detrimental.  It  increases  the 
coefficient  of  friction,  it  provides  sources  of  stress  concentration  in 
.1  tensile  stress  field,  and  it  provides  points  of  weakness  that  can  even 
produce  crack  initiation  in  a  compressive  stress  field.  The  latter  case 
requires  further  explanation.  Solid  ceramic  bridges  between  pores  can 
collapse  or  crack.  WTien  these  link  together  a  wear  particle  will  separate. 
The  situation  will  be  worse  under  a  sliding  contact  load  where  both  compres¬ 
sion  and  tension  occur,  and  it  will  be  still  worse  if  the  sliding  load  is 
C  c  lie. 

Finishing 

Ceramic  parts  for  tribology  systems  generally  require  final  grinding 
and. or  lapping  to  achieve  the  necessary  dimensional  and  smoothness 
tolerances.  The  grinding  operation  can  (and  generally  does)  introduce 
surface  cracks  that  dominate  the  fracture  mechanics  characteristics  of  the 
ceramic.  The  grinding  and  lapping  also  determine  the  asperity  distribution, 
which  partially  determines  the  coefficient  of  friction.  Grinding  and  lapping 
can  also  modify  the  surface  composition  and  phase  distribution  and  thus  alter 
;h.e  response  of  the  ceramic  to  a  lubricant  or  other  aspect  of  the  tribology 
envi ronment . 

Microstructure  affects  the  mechanical  aspects  of  tribological  behavior. 
Crain  size  and  surf ace - connec ted  porosity  determine  the  surface  finish  that 
can  be  achieved  in  the  as- fired  material.  Internal  porosity  affects 
tile  surface  finish  that  can  be  achieved  by  grinding  and  polishing.  These 
mi crostructural  factors  influence  the  coefficient  of  friction,  which  in 
turn  partially  determines  the  level  of  stress  at  the  material  surface  during 
sliding  contact.  The  cohesion  and  morphology  of  the  microstructure  determine 
the  strength  and  fracture  toughness  of  the  ceramic  and  its  resistance  to 
damage  by  the  applied  stress. 


M'.R.-VMIC  COMPOSITES 

Tr i bo - e 1 ement s  are  often  exposed  to  mechanical  or  thermal  stresses  in 
.idditinn  to  withstanding  the  wear,  corrosion,  or  other  conditions  associated 
w i  •  n  •  la'  tribological  duty.  Monolithic  ceramics  may  not  have  the  strength 
and  frarvure  toughness  to  survive  these  stresses.  Increased  emphasis  in 
rt  '^e.n:  years  has  been  to  develop  ceramic  matrix  composites  that  have  higher 
■riur'ii  and  fracture  toughness  compared  to  monolithic  ceramics. 

.A  '.•.irietv  of  composite  approaches  are  being  developed:  (1)  dispersed 

■  ri.'i'in  p.)  r  t  i  c f- s  ,  fPi  di.spersed  ceramic  whiskers,  (3)  long  fiber  rein- 
I'U  ■  .  1  i'  precipitation,  and  (3)  ductile  metal  phase.  Each  of  these 

in  .i  m  i  e  ro  s  t  r  uc  t  u  r  e  containing  two  or  more  phases.  These  phases 
t::*'.  "  b'.-'i;  :  he  chemical  and  mechanical  tribological  behavior.  For  excii:q-.  1  c  , 

•  1  ;e  will  ti,i-.-e  different  chemical  interactions  with  the  contacting 

'  •  '  mcTi'  'he  environment  ,  and  the  lubricant.  Similarly,  each  phase 

hi."  .i  liitcfent  elastic  modulus,  Poisson's  ratio,  and  coefficient  of 
■  :  T  •  u!sion  at:'!  have  a  fiifferent  mechanical  response  to  the  contact  i!.,'. 
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C r 1  bo - e  lement .  For  example,  each  intersection  between  two  phases  mav  act 
a  micro-asperity  under  loading  and  result  in  increased  friction  and  increa 
surface  stress . 


COATING  AND  SURFACE  MODIFICATION 


A  monolithic  ceramic  may  not  have  the  optimum  surface  characteristics  for 
a  specific  tribology  application.  Coatings  or  surface  modifications  either 
on  the  ceramic  or  on  a  metal  or  cermet  substrate  can  often  provide  advantagt‘s 
in  corrosion  resistance,  impact  erosion  resistance,  adhesive  and/or  abrasi\’e 
wear  resistance,  and  high- temperature  ("solid"  film)  lubrication. 

The  coating  or  surface-modification  approach  also  offers  several 
advantages  in  the  synthesis  of  high-performance  materials.  One  advantage 
is  the  ability  to  optimize  independently  the  properties  of  the  coating 
material  and  those  of  the  base  material  for  a  given  application.  This  often 
results  in  novel  layered  materials  that  are  superior  to  monolithic  ceramics 
in  their  performance.  A  second  advantage  is  the  ability  to  maintain  close 
dimensional  tolerances  of  the  coated  workpiece,  since  very  thin  coatings 
(of  the  order  of  a  few  micrometers)  are  often  sufficient  for  a  given 
application.  Another  advantage  is  the  saving  in  costs  in  using  expensive 
special  materials  only  for  thin  coatings  and  not  for  the  synthesis  of  bulk 
materials.  Such  savings  also  help  in  the  conservation  of  strategically 
critical  materials.  Finally,  it  is  often  more  advantageous  to  recoat  a  worn 
part  than  to  replace  it.  In  view  of  these  advantages  it  is  not  surprising 
Chat  ceramic  coatings  have  found  wide  commercial  acceptance. 

■As  is  the  case  for  monolithic  ceramics,  the  characteristics  (e.g., 
composition,  microstructure),  properties  (e.g.,  strength),  and  tribological 
behavior  (e.g.,  friction,  wear)  of  ceramic  coatings  and  surface -modified 
ceramics  can  be  strongly  influenced  by  the  fabrication  process.  This 
points  to  an  opportunity  for  the  production  of  advanced  ceramic  coatings 
and  surface -modi f ied  ceramics  with  significantly  improved  tribological 
performance  through  proper  choice  of  processes  and  an  optimization  of  proces.s 
parameters.  Unfortunately,  present  understanding  of  the  influence  of 
processing  on  the  relationship  of  structure,  property,  and  tribological 
performance  is  too  fragmentary  to  provide  sufficient  guidance  for  an 
optimization  of  process  parameters. 

The  following  sections  give  summaries  of  (a)  the  major  considerations  in 
st-lecting  processes  for  ceramic  coatings  and  for  modifying  ceramic  surfaces 
and  ib)  the  major  processes  and  major  processing  steps. 

'i;-.';  i  ti;.  r  a  •  i  ons  in  St-lection  of  Processes  for  Ceramic  Coatinr.s  and  for 
‘  i  i  f  i  t".  r.  G  e  r  .a  m  i  c  S  i.i  r  f  a  c  e  s 

Tlif‘  select  inn  of  ,i  particular  deposition  process  or  sur  face  -  mod  i  f  i  i.,i :  in; 
pV'icnsa  d.  pftids  nn  se'.'eral  c(,n.s  i  derat  ions  .  A  prime  cons  i  de  r.a  t  i  on  deal;,  wit;, 
•lie  rh.a  rac  r  e  r  i  s  •  i -s  .and  properties  of  the  coaling,  one  wants  to  ohttiin  foi- 
/.i'.’en  appii  at  inn.  Some  of  the  cha  rac  t  (■  r  i  s  t  i  c  .s  and  properties  of  cer.iii;!;- 
■  n.i'  ir;r,s  tli.a'  are  nttfai  considered  to  he  desirable  .are  these: 


■  Good  adhesion 

■  Precise  stoichiometry  (negligible  contamination) 

■  Uniform  thickness 

■  High  dimensional  stability 

■  High  strength 

■  High  fracture  toughness 

■  Internal  stresses  at  acceptable  levels 

■  Controlled  density  of  structural  defects 

■  High  thermal  shock  resistance 

■  High  thermal  stability 

■  High  resistance  to  wear  and  creep 

■  High  resistance  to  oxidation  and  corrosion 

■  Adequate  surface  topography 

One  typically  chooses  a  coating  process  to  obtain  certain  combinations  of 
characteristics,  properties,  and  performance.  Additional  considerations  that 
can  influence  the  selection  of  a  coating  process  include  (a)  the  purity, 
state  (gaseous,  liquid,  or  solid),  and  type  and  toxicity  of  the  material  to 
be  deposited;  (b)  the  deposition  rate;  (c)  the  tolerable  power  density  on 
the  substrate  during  deposition;  (d)  the  maximum  temperature  the  substrate  is 
permitted  to  reach  during  the  coating  process;  (e)  the  substrate  treatment 
needed  to  obtain  good  coating  adhesion;  (f)  the  selectivity  of  the  process 
in  depositing  certain  materials  and  not  others;  (g)  adequate  control  of  the 
major  process  parameters  that  govern  the  deposition  process  in  order  to 
ensure  the  reproducibility  of  the  coating  deposition;  (h)  the  complexity  and 
availability  of  the  coating  facility;  and  (i)  the  overall  cost. 

It  would  be  desirable  to  be  able  to  select  a  process  on  the  basis  of 
well-established  relationships  between  coating  process  parameters  and  coating 
characteristics  and  properties,  and  in  turn  between  the  characteristics  and 
properties  and  the  coating  performance  for  a  given  application.  Unfortu¬ 
nately,  for  most  processes  such  relationships  are  either  inadequate  or  do  not 
exist  at  all.  Therefore,  one  is  often  forced  to  rely  on  experience  gained 
through  trial  and  error.  Work  is  in  progress  to  establish  such  relationships 
for  certain  processes — for  example,  for  ion-assisted  deposition  processes 
I,  i  .  e  .  ,  ion  beam-  or  plasma-assisted  physical  vapor  deposition).  However,  in 
view  of  the  existing  widespread  use  of  coated  machine  components  and  the 
projected  future  requirements  for  components  with  advanced  coatings,  it  is 
clear  that  more  work  along  these  lines  is  urgently  needed. 

Prnces.ses  for  Ceramic  Coatings  and  for  Modifying  Ceramic  Surfaces 

Many  different  processes  are  in  use  for  fabricating  ceramic  coatings 
and  monolithic  ceramics.  Table  3-2  lists  some  processes  according  to 
category  and  class  thev  have  been  assigned  to.  For  ceramic  coatings,  the 
ca'egnries  include  proces.ses  that  require  the  surfaces  to  be  exposed  to  (a) 
low-pressure  gases  'V.icuuin),  tb)  elevated  gas  pressure,  and  (c)  liquid 
solutions  and  suspetis  i  ons  ,  The  sur  f  ace  -  mod  i  f  i  ca  t  i  on  categories  iTiclude 
n  ■  or  e se' s  rliat  require  fa)  energetic  particle  implantation  (ion  implan- 
'  ion;,  (hi  de ns i f i c a t  i on  and  glaring  of  coatings  through  electron  and/or 
!  1.1  r  beams,  ( <' )  chemical  surface  reactions,  (d)  thermal  diffusion,  (e) 
cbeiri.al  etching,,  .and  (f  >  met  han  i  c  ,a  1  grinding  and  polishing. 
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TABLE  3-2  Selected  Processes  for  Production  of  Ceramic  Coatings  and  for 
Modification  of  Ceramic  Surfaces 


Process  Category 


1.  Ceramic  Coatings 


Process  Class 


Low  gas  pressure  (vacuum)  Chemical  vapor  deposition  (CVD) 

processes 


Physical  vapor  deposition  (PVD) 


Pyrolysis ;  reduction  (plasma-assisted) ; 
decomposition  (plasma-assisted) ; 
polymerization  (plasma-induced > 

Evaporation  (reactive,  piasma-assisted) ; 
sputtering  (reactive,  plasma-assisted) ; 
plasma-arc  (random,  steered);  ion 
beaun- assisted  codeposition 


Low-pressure  plasma  spraying  Plasma  discharge  spraying 


Processes  at  elevated  gas  Plasma  spraying 


pressures 


Liq^aid  phase  epitaxy 
processes 


Flame  spraying 
Wetting  process 


Spin-on  coatings 

Electrochemical  processes  Electrolytic  deposition 

Electrophoretic  deposition 
Anodi ration 


Modification  of  Ceramic 
Surfaces 


Particle  implantation 
processes 


Dens i fi cation  and  glazing 
proc  esses 


Electrostatic  deposition 


Direct  particle  implantation 


Recoil  particle  implantation 

Laser  beam  densif ication  and 
glazing 


Electron  beam  densi Cication  and 
glazing 

''^emical  reaction  processes  Gaseous  anodization  processes 


Disproportionation  procasse 


'-r//e r s  1  on  processes 


'ir.K  yrocRSS^s 


■ : .  •'\n  1  ■"  a  »  p  r  oc  p's  s 


Thermal  diffusion 


Dhemiral  etching 


Ion  etching 

Grinding;  peening:  polishing 


Plasma  arc  spraying 

Combustion  flame  spraying 

Dip  coating  (e.g  .  Sol-Gel);  brush  coating 


Reverse-roller  coating 
Cation  deposition 

Charged  collodial  particle  deposition 
Anion  oxidation  in  electrolytes 
Charged  liquid  droplet  deposition 


Energetic  ion  or  atom  implantation  in 
solids 

Recoil  atom  (ion)  implantation  in  solids 

CW-laser  power  deposition;  puLsed-laser 
power  deposition 


Energetic  electron  beam  power  deposition 


Ion  nitroding:  ion  carburizing;  plasma 
oxidation 

Deposition  of  molecular  species;  formed 
gas  phase 

Diffusion  of  material  from  surface  into 
bulk  of  substrate 

Acidic  solutions;  lye  etching 

Sputter  process 


-  -  _  -  -  ,  ,  , 


The  characteristics,  properties,  and  tr ibolot^ical  performance  of  coatings 
d  modified  surfaces  can  be  strongly  influenced  by  the  process  used.  For 
ample,  it  has  been  found  difficult  to  produce  '-'ith  the  plasma  arc  spraying 
ocess  thin  ceramic  coatings  (thickness  of  the  order  of  a  micrometer  or 
s.s^  for  precision  parts  with  small  tolerances,  which  have  a  coating  thick- 
ss  uniformitv  of  1  percent  or  better,  with  accurate  stoichiometry  over  a 
rge  coating  volrute,  and  with  high  density  (approaching  theoretical  den- 
: i  .  Such  difficulties  have  been  reduced  or  eliminated  through  the  use  ot 
h.t'i'  processes,  such  as  certain  plasma-assisted  physical  vapor  deposition 
ocesses — e.g.,  a  high-rate  reactive  sputtering  process  patented  by 
rg-'vv'arner  (Sproul,  n.d.)  or  an  activated  reactive  evaporation  process 
:<‘n:c-d  bv  Bunshah  of  UCLA  ( Bunshah ,  1981).  Plasma  -  sprayed  coatings, 
we'.’er,  have  also  found  wide  use  in  different  industrial  applications — 
g. ,  as  thick  thermal  barrier  coatings,  with  thicknesses  exceeding  several 
I  1  im.eters  ,  or  as  thick  ceramic  coatings  of  gas  turbine  blades  and  vanes  for 
creci.sed  corrosion  resistance.  More  details  about  major  advantages  and 
s.id'.v.av'.tages  of  various  coating  and  surface-modification  processes  are  given 
hunsh.ah,  1983:  Lowenheim.  1977;  Dearnaly  et  al .  ,  1974;  Williams  and  Poate, 
Si;  ai'.d  ricrau.x  and  Chovke ,  1982. 


'SMMKNLATIONS 
1__. ■  ■  J. c _ Fabi'  i  cat  ion 

Tribological  studies  of  ceramics  must  consider  the  variables  that 
ai'isc  due  to  the  fabrication  process  and  incorporate  these  into  the 
il'.ui'ic'r,  procedure  for  the  tribological  study.  As  a  minimum,  the  ceramic 
"lulri  he  w(' 1  1  characterized  prior  to  the  tribological  study.  Specifically, 
is  sho",ld  include  bulk  chemistry,  microstructure,  surface  structure 
speritie.s,  residual  stress,  cracks,  etc.),  pore  distribution,  strength, 
isvic  modulus.  Poisson's  ratio,  and  fracture  toughness. 

Rese.-irch  is  needed  to  acquire  more  understanding  of  the  relationships 
;'ng  process  parameters  (and  the  resulting  structure) ,  physical  and  mechan- 
i!  p  rope  1- r  i  es  ,  and  the  resulting  tribological  performance.  This  not  only 
1  d  per:r.it  tl-.e  opt  irai  zat  iot\  of  a  given  process,  but  also  would  provide  a 
sis  for  selec'ing  from  alternate  fabrication  techniques. 
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Chapter  4 


INFLUENCE  OF  LUBRICATION  ON  BEHAVIOR  OF  CERAMIC  TRIBO- ELEMENTS 


Effective  control  of  friction,  wear,  and  fracture  of  ceramic -metal  and 
c e ram ic - ceramic  contact  interfaces  through  lubrication  is  crucial  to  the 
success  of  many  advanced  technologies.  Ceramics  are  inorganic  materials 
usually  formed  under  high- temperature  sintering;  they  possess  many  unique 
properties  such  as  high  strength,  high  hardness,  dimensional  stability, 
corrosion  resistance,  and  stability.  The  advanced  ceramics,  with  their 
finely  controlled  microstructures  and  chemistry,  have  given  rise  to  new 
opportunities  for  technologies  such  as  heat  engines,  sophisticated  electrical 
controls,  electronic  substrates,  microwave  guides,  wear  parts,  cutting  tools, 
fiber  optics,  and  optical  thin  films.  Ceramics,  being  highly  refractory,  are 
relatively  brittle  and  fracture  easily,  causing  catastrophic  failures,  A 
ki’,owledge  of  lubrication  of  this  class  of  materials  is  therefore  essential 
i’or  rh.eir  effective  application. 

Proper  lubrication  can  dominate  many  of  the  other  factors.  It  can 
suhst  .iiit  ially  reduce  the  coefficient  of  friction  and  thus  minimize  surface 
stres.ses.  It  can  reduce  frictional  heating  and  keep  the  interface  below 
t.  empe’ratures  where  detrimental  chemical  reactions  can  occur.  It  can  also  act 
as  a  surface  boundary  layer  to  keep  chemically  active  gases,  liquids,  and 
solid.s  .'iwav  from  the  ceramic  surface. 

There  are  many  research  issues  in  lubrication  of  ceramics.  Because  of 
the  wide  temperature  range  over  which  the  materials  can  be  used,  research 
no'eds  perhaps  are  best  described  under  the  categories  of  low  temperatures 
' ronm  temperature  to  200°C) .  intermediate  temperatures  (200  to  600°C),  and 
high  temperatures  (600  to  loOO°C).  Research  issues  in  different  temperature 
rangfu;  often  change  as  the  environment  and  materials  change  with  the 
temperatures,  and  thev  also  varv  with  different  classes  of  lubricants: 
gases,  liquids,  solids,  and  coatings. 

TidlPiiPATURE  RKUiMKS  (<.’00  u;  ) 

ir,  ‘  i'.  e  t  e  :T’pe  r  a  t  u  re  iMiig.e  of  anihient.  to  200'’C,  many  components  and  svstiirs 
f.pira’i-  with  liq’uif'  !  ul-)!' i  cant  s .  Specialty  solid  lubricants  such  as 
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graphite  or  mol vbdenum  disulfide  also  are  used.  Application  knowledge  of 
th.ese  lubricants  with  metal  systems  are  reasonably  well  understood.  Many 
studies  are  being  conducted  on  lubrication  mechanisms  of  additives  on 
metals.  However,  very  few  studies  have  been  or  are  being  conducted  on  the 
Uibrication  requirements  of  ceramics. 

Ceramic  tr ibo - e lements  usually  are  given  a  smooth  surface  texture,  due 
lit  part  to  the  need  to  remove  microcracks  from  the  surface.  Hence,  they 
are  well  suited  for  hydrodynamic  (fluid  film)  lubrication.  Under  boundary 
lubrication  conditions,  ceramics,  because  of  their  relatively  low  thermal 
diffusivity.  would  tend  to  have  much  higher  surface  temperatures  and 
resulting  high  interface  temperatures. 

Most  liquid  lubricants  consist  of  base  oils  and  additives.  The 
antiwear  additives  frequently  are  developed  on  the  basis  of  the  chemical 
reactivity  of  the  additive  with  iron.  Because  ceramics  contain  many 
different  elements,  such  as  silicon,  zirconium,  aluminum,  and  boron  in  the 
forms  of  oxides,  nitrides,  and  carbides,  the  reactivity  of  additives  with 
these  elements  under  tr ibochemical  conditions  is  not  yet  defined.  Unlike 
metals,  where  current  technologies  are  largely  defined  by  iron-based 
alloys,  these  elements  may  have  entirely  different  chemistry  with 
hydrocarbons  and  additives.  Element- specif ic  lubrication  chemistry  may  be 
required  for  effective  friction  and  wear  control, 

.Many  value-added  components  that  pervade  industry,  such  as  pumps, 
valves,  tools,  bearings,  and  gears,  could  use  advanced  ceramics  to  improve 
performance  and  durability.  Lack  of  effective  lubrication  knowledge  will 
iiTipede  further  use  of  ceramics  for  these  value-added  components, 

TEMPERATURE  REGIMES  (200  to  600°C) 

The  temperature  range  of  200  to  600°C  has  been  and  currently  is 
very  important  for  ceramic  applications.  Technologies  embraced  in  this 
temperature  range  are  high- temperature  bearings,  cutting  tools,  materials 
processing  systems,  and  advanced  combustion  systems.  Although  lubricants 
in  this  temperature  range  have  been  intensively  studied  (Sliney  and 
•Johnson,  1968;  Sliney,  1982;  Sharma  et  al . ,  1983;  Longson,  1983;  Cosgrove 
et  al.,  1959;  Christy,  1982),  a  systematic  data  base  has  not  been 
developed.  In  practice,  a  wide  variety  of  lubricants  have  been  used  with  a 
relatively  .small  number  of  ceramic  materials.  Hot-pressed  silicon  nitride 
is  the  most  used  ceramic  material  in  various  lubricant  testing  programs. 
Silicon  carbide,  zirconia,  and  reinforced  alumina  have  also  been 
evaluated.  Titanium  carbides  and  nitrides  have  been  used  for  coatings,  as 
have  chromium  oxides.  Lubrication  in  the  intermediate  temperature  range  is 
complicated,  not  onlv  in  the  wide  variety  of  applications  and  the  diffc-ront 
environmental  factors  involved,  but  also  in  the  lubricant  delivery  system, 
system  compatibility,  lubricant  degradation,  materials  changes, 
lubricant-material  reactivity,  and  diffusion.  All  these  factors  have  <i 
significant  imp.act  on  sv.stem  durability. 
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TEMPERATURE  REGIMES  (>feOO'’C) 


When  the  temperatui'e  goes  above  verv  few  oonvt’nt  i  ona  1  Inhric.ii.’ 

will  function.  The  choice  appears  to  be  between  hi gh - temperature  oxidts. 
fl>-iorides,  mixed  oxides,  glasses,  silver,  gold,  solid  composites,  niul 
vapor-phase  coating  of  chemicallv  active  species  for  short -period 
lubrication. 

At  high  temperatures,  coke  arid  residue  formation  mav  be  deleteriou.s  to 
some  rubbing  systems.  Reactivity  with  the  substrate  needs  to  be  balanced 
with  corrosiveness.  Because  of  the  higher  chemical  reaction  rates,  active 
species  may  react  and  desorb  rapidly,  forming  a  corrosion  product.  Degradei- 
tion  of  lubricant  molecules  and  the  formation  of  corrosive  species  is  another 
serious  consideration.  However,  this  technology  appears  to  hold  promi.se  for 
an  easy  and  economical  way  to  lubricate  ceramic  materials  at  tem.peratures 
above  600° C  and  should  be  pursued. 

Solid  lubricants  at  high  temperatures  in  the  form  of  oxides,  fluoridc.s, 
glasses,  mixed  oxides,  graphite,  and  dichalcogenides  of  tungsten,  molybdenum, 
niobium,  and  tantalum  can  be  used.  Lubricants  are  applied  in  manv  forms; 
these  are  discussed  in  later  sections  of  this  chapter. 

At  high  temperatures,  chemical  reactivity  between  the  lubricant  and 
ceramic  substrate  is  important.  Calcium  fluoride,  barium  fluoride,  and 
lithium  fluoride  have  high  reactivity  with  many  ceramic  materials,  such  as 
alumina,  zirconia,  and  silicon  nitrides.  New  structures  mav  form  at  the 
surface,  resulting  in  either  beneficial  or  deleterious  effects  on  friction 
and  wear.  Thermodynamic  data  at  high  temperatures  and  phase  equilibria  and 
high- temperature  solubilities  of  mixed  oxides  and  fluorides  are  ciirrentlv  no; 
available.  Thermodynamic  models  for  predicting  these  relationships  need  to 
be  developed. 

The  natural  tendency  for  materials  to  adhere  under  sliding  conditions 
increases  with  temperatures.  Successful  lubrication  of  ceramic  surfaces 
above  600°C  must  take  into  account  the  lubricant  and  substrate  stability  as 
a  function  of  time.  At  high  bulk  temperatures  and  even  much  higher  surface' 
temperatures,  the  lubricant  will  undergo  degradation  and  change.  Diffusion 
within  the  substrate  will  increase  with  the  temperature,  causing  surface 
segregation.  Lattice  vibrations  will  increase  in  amplitude,  enhancing 
plastic  deformation  and  dislocation  mobility.  When  the  temperature 
approaches  half  the  mei.ting  point,  deformation  by  creep  becomes  the 
dominant  mechanism  of  the  material  under  shear  stresses.  The  lubricant 
has  to  maintain  adhesive  bonds  with  the  changing  substrate. 

Lubricant  resupply  and  disposal  of  degraded  lubricant  at  high  temper¬ 
atures  is  an  application  concern.  Disposal  of  wear  debris  from  the  surface': 
could  become  a  problem,  resulting  in  abrasive  wear.  Degraded  Itibricant 
form  deposits  on  the  surfaces,  creating  barriers  to  new  lubricant  sup.plv. 

Very  few  lubricants  have  been  demonstrated  to  be  effective  and  durahli 
temperatures  above  600°C.  Even  fewer  have  been  tested  on  ceramic  surfaces. 


ri'.i'io  is  a  p.eod  both  to  viitde r s t and  lubrication  mechanisms  and  to  find  new 
i  ’ '.b  r  i  c  at!  t  s  tor  high  - 1  emperature  applications. 


I'.ANT  TYi’F.S 


Botti  inert  gases  and  air  have  been  used  to  provide  fluid  film  support  for 


■arings  and  other  tribological  contacts.  Because  of  the  limited  load 


capacitv  and  restrictions  in  terms  of  gas  supply  and  bearing  design,  very 
tew  industrial  systems  use  gas  lubrication.  Because  no  surface  contact  takes 
place  under  the  air  or  gas  bearing  concept,  the  choice  of  the  surface 
:r.a:  erial  is  not  as  significant  as  in  other  cases.  The  key  issue  in  this 
a:ea  has  been  the  difficulty  encountered  during  start-up  and  variable  -  speed 
operations,  under  which  wear  and  adhesion  become  a  problem. 


Vapor-phase  lubrication,  via  surface  chemical  reactions  to  form  a 
strongly  adhered  protective  film  on  the  surfaces,  is  an  attractive 
ilternative  (Pinto  et  al . ,  1984;  Butler  and  Popovic ,  1974;  Buckley  and 
'ohr.son,  1959),  The  concept  is  to  deliver  vapor-phase-reactive  compounds  at 
b.  i  gb.  temperatures  to  the  rubbing  contacts.  The  subsequent  reaction  film, 
if  t.eitacious,  will  protect  the  surfaces  for  a  short  time  against  high  shear 
s'resses.  Phosphate  esters  and  melissic  acid  have  been  found  to  be  useful 
for  steel  surfaces  at  temperatures  up  to  700°C.  Liquid  phosphate  esters 
have  also  been  used  with  a  ceramic  engine  prototype  and  were  found  partially 
.-.at  isfactorv ,  Klaus  and  coworkers  (1986)  have  demonstrated  that  phosphate 
e.sters  deposited  between  300  and  900°C  on  steel  surfaces  are  capable  of 
forming  a  tenacious  film  with  thickness  on  the  order  of  1000  molecular 
la'.’ers.  The  deposition  rate  and  reaction  rates  are  dependent  on  oxygen 
partial  pressure,  temperatures,  and  substrate  materials.  It  has  been 
dem.onstrated  that  a  low  concentration  of  0.2  percent  by  weight  of  tributyl 
pliosphate  (TBP) ,  tricresyl  phosphate  (TCP),  and  diphenyl - di - tert -butylphenvl 
pb.osphato  (DPTBPP)  in  the  vapor  stream  is  sufficient  to  protect  the  steel 
.surfaces  at  3  71’C. 


The  attractiveness  of  the  vapor-phase  lubrication  concept  lies  in  the 
siinplicitv  and  ease  of  lubricant  delivery.  A  minute  amount  of  lubricant  can 


metered  out  over  a  period  of  time  to  protect  the  wearing  surfaces.  In 


*b.e  heat  engine  case,  the  lubricant  may  be  added  in  the  fuel  and  deposited 
direcrl-,-  on  the  cylinder  liner  during  combustion. 


Research  issues  in  this  area  are  the  lack  of  basic  understanding  of  tlie 
hemical  reaction  mechanisms,  the  nature  of  the  reaction  products,  and  the 
eac  t  i i  t  V  with  various  ceramic  substrates. 


Tfie  use  of  liquid  lubricants  in  heat  engines  in  the  tem.perature  range 
V.i'i  ;n  bOV'C  is  limited.  At  the  same  time,  liquid  lubricants  are 


ir-ihU-  to  flush  the  system,  to  start  the  engine  at  low  temperatures,  and 
:  (  iro-.',.  wi  .ir  debris.  For  heat  engines,  even  though  the  temperatures  at  fl 
;'oi]  l  int’  and  cylinder  liner  will  approach  400  to  60n°C  in  the  near  terit, 
engyne  svimp  t empe r a t tire  may  only  be  150  to  20n'’C.  Very  few  liquid 
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lubricants  can  operate  above  300°C  for  any  substantial  length  of  time. 
However,  there  are  two  possible  concepts:  controlled  burning  of  lubricants 
and  a  combination  of  liquid-solid  lubrication.  In  the  latter  case,  the 
liquid  lubricant  will  operate  under  a  certain  temperature  range.  When  a 
preset  temperature  is  reached,  the  liquid  lubricant  flow  is  shut  off  and  the 
solid  lubricants  begin  to  function.  A  very  stable  liquid  lubricant  therefore 
is  needed. 

There  is  extensive  literature  as  well  as  a  significant  amount  of 
industrial  experience  on  metal  lubrication  via  additives  in  liquid  base 
oils.  For  ceramics,  however,  very  few  studies  have  been  conducted.  Shimauchi 
and  coworkers  (1984)  conducted  both  laboratory  and  prototype  single-cylinder 
engine  endurance  tests  to  assess  the  effects  of  liquid  lubricants  on  ceramic 
components.  They  concluded  that  different  liquid  lubricants  affected  the 
performance  of  various  ceramic  surfaces  significantly.  The  tests  were 
conducted  using  different  liquid  lubricants  on  various  material  pairs  under 
controlled  laboratory  tribological  testing.  The  materials  consisted  of 
various  plasma- sprayed  coatings  0.2  mm  thick  (including  chromium  oxides, 
carbides,  titanium  and  tungsten  carbides,  zirconia,  and  chromium  oxide  with 
vanadium  carbides).  Only  one  oil,  an  ester  fluid  without  additives, 
functioned  reasonably  well. 

Data  from  Garrett's  turbo -compound  engine  program  also  show  that  the 
choice  of  liquid  lubricant  is  of  paramount  importance  (Reiser  and  Castor, 
1981)  .  That  program  tested  an  extensive  list  of  materials  and  lubricants  at 
650'’C.  Again,  esters  appeared  to  be  a  promising  candidate  to  control 
friction  and  wear  of  various  superalloys,  ceramics,  and  composites.  An 
extensive  data  base  like  this  yields  valuable  information  through  trial  and 
error,  but  little  fundamental  understanding  is  gained.  Why  a  particular 
ester  family  functioned  well  and  other  esters  would  not  function  under  the 
same  conditions  was  not  clear.  Fundamental  studies  will  yield  a  knowledge 
base  from  which  future  lubricants  and  additives  for  ceramics  may  be 
developed . 

The  key  issue  in  the  area  of  liquid  lubricants  for  heat  engines  is  the 
basic  understanding  of  surface  chemical  reactions  between  the  liquid 
lubricants  and  the  ceramic  surfaces.  For  silicon  carbides  and  nitrides,  a 
limited  data  base  of  silicon  chemistry  exists  in  the  geochemistry  and 
semiconductor  areas.  For  example,  water  reacts  rapidly  with  silicon  through 
hydrolysis  reactions  and  forms  various  hydrides  with  different  friction  and 
wear  characteristics.  In  fact,  the  reactivity  of  water  with  many  ceramic 
materials  has  long  been  recognized  and  utilized  in  ceramic  machining. 
Zirconia.  on  the  other  hand,  may  not  respond  to  water  or  other  silicon- 
spfcifir  chemistry.  In  metal  systems,  controlled  chemical  reaction  rates 
li.v.'f  proved  to  be  a  key  for  effective  lubrication.  No  corresponding  data 
'•'.tsc  <c.;i.sts  for  ceramics. 


Tile  availability  of  additives  and  the  understanding  of  additive 
iMi’isms  at  high  temperatures  is  critical  ( Fehrenbacher ,  1985).  Oil 
1  .rarioti.  degradation,  degradation  products,  degradation  product 
ris ;  ■.•i.tiess  with  materials,  and  the  effective  control  of  emissions  are 
.Cl  significant  technical  challenges  in  this  area.  A  detailed  discussion 
c:>e  -ispect.s  of  this  subject  has  been  presented  by  Fehrenbacher  (1985). 
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Lul'ricanls  also  exist  in  a  liquid  state  at  high  temperatures  (above 
oOO  O')  .  However,  most  of  these  lubricants  are  solids  at  room  temperature, 
Tlii-is  ,  oefore  a  device  luliricated  bv  high- temperature  lubricants  such  as 
silicates  and  borates  can  be  utilized,  tbie  sliding  surface  must  first  be 
tteated.  This  limits  their  potential  applications. 

Sol  ids 

One  interesting  aspect  of  ceramic  lubrication  is  that,  to  date,  very  few 
studies  have  been  conducted  using  solid  lubricants  on  ceramic  surfaces.  The 
majority  of  the  studies  of  ceramic  materials  in  the  form  of  either  coatings 
or  solid  materials  are  tested  at  room  temperature  or  moderate  temperatures 
i,  300''C)  with  a  liquid  lubricant.  Several  studies  of  ceramic  materials  have 
been  reported  (Shimauchi  et  al . ,  1984;  Reiser  and  Castor,  1981). 

There  are  many  studies  related  to  the  use  of  solid  lubricants  for  metals 
'c.nder  severe  en'.' ironments  (American  Society  of  Lubrication  Engineers, 
l'^71,  1978,  and  1984;  Weilbach,  1982).  A  number  of  reports  (Gardos,  1982; 
Yonushonis,  1980  and  1983;  Ling,  1985;  Lucek,  1979;  Dayton  and  Sheets,  1976; 
Fusaro,  1982  and  1983)  specifically  examine  solid  lubricants  for  ceramics. 
Solid  lubricants  used  in  these  studies  are  varied  but  mainly  consist  of 
laver  lattice  solids  (graphites,  molybdenum  disulfides,  graphite  fluorides, 
tvmgsten  .sulfides,  etc.),  polyimides,  oxides,  and  polytetraf luorethylene 
■.I'TFE).  In  this  section,  the  discussion  is  limited  to  the  temperature  range 
of  200  to  600° C. 

UTiile  there  are  many  solid  lubricants,  the  choice  of  solid  lubricant 
■-Ir-livery  method  is  critical  to  successful  application.  Solid  lubricants 
can  be  supplied  through  transfer  films,  coatings,  liquid  suspension,  gas 
suspension,  bonded  films,  powder  compact,  surface  modification,  or  burnished 
i-natings.  In  many  of  these  methods,  lubricant  -  substrate  bonding,  adhesion, 
and  reactivity  are  crucial  to  the  success  of  lubricant  delivery.  Again, 
experience  with  these  methods  and  materials  combinations  is  mostly  with  metal 
system.s.  Very  few  ceramic  substrates  have  been  studied.  Based  on  metal 
system  experience,  the  critical  issues  are  lubricant-substrate  or  lubricant- 
-surface  adhesion;  lubricant  -  surface  reactivity  and  bonding  strength;  rate  of 
adhesion  and  reaction;  and  lubricant  film  stability,  strength,  and 
di.irab  i  1  i  ty  . 

The  effectiveness  of  the  lubrication  obviously  depends  on  how  readily  and 
how  strongly  the  solid  lubricant  adheres  to  the  surface  or  substrate.  In  the 
o.-ise  of  solid  lubricants  carried  by  gas,  the  lubricant  has  a  relatively  short 
period  of  time  to  adhere  to  the  surface.  Once  at  the  surface,  the  bonding 
st:rength  of  the  solid  film  with  the  substrate  is  important.  Often  this  is 
lohieved  through  the  chemical  reaction  between  the  solid  lubricant  and  the 
s'irf.ice  or  substrate  materials.  In  ceramics,  the  adhesion  and  reaction  may 
r,  problem  with  many  solid  lubricants.  The  high- temperature  kinetics  of 
solid  Ivibricants  with  ceramic  surfaces  have  simply  not  been  tested.  In  manv 
o.i.se.s,  depending  on  the  method  of  delivery,  the  relative  rates  of  adhesion 
and  reaction  with  the  amount  of  time  allowed  by  the  rubbing  action  may  be 
i:’d)ortant.  At  high  temperatures,  desorption  or  other  unfavorable  reaction.'; 
such  as  phase  cliange  or  new  compound  formation  may  also  interfere  with  the 
normal  proce.sses  of  lubrication. 


Sur f ac e - c oiwoc I ed  porositv  has  potential  to  be  beneficial  in  tin*  case  e; 
lubrication,  especiallv  .solid  lubrication.  The  porositv  can  aid  in  1 '..ihr  i  i  .c.ii 
adlu'sion  to  the  ceramic  and  might  even  provide  a  reservoir  for  rtp  1  eni  sliiiicn’ 

Becau.se  of  the  wide  variety  of  materials  and  potential  solid  luhr  i  cni'*  *.  . 
and  also  the  additional  variation  introduced  by  the  methocis  of  lubricant 
delivorv.  a  systematic  assessment  of  lubricant -ceramic  combinations  is 
needed.  Table  4-1  lists  some  commercially  av'ailable  solid  lubricants  and 
tlieir  temperature  limitations  with  metal  systems.  Notice  that  most,  solid 
lubricants  in  air  have  a  maximum  operating  temperature  in  the  range  of  .’DO  to 
100° C.  These  are,  however,  adequate  for  some  heat  engine  applications. 

Table  4-2  lists  the  estimated  life  of  some  of  the  solid  lubricants  in  the 
piston  ring  zone  at  projected  heat  engine  conditions  and  temperatures. 

The  basic  mechanisms  of  how  solid  lubricants  work  even  at  low  to  moderate 
temperatures  are  not  well  understood.  Graphite  and  MoS.,  have  been 
studied  extensively.  Other  higher  temperature  materials  have  not  been 
svstematically  investigated.  At  high  t- mperatures  (600°C),  reactivity  of  the 
lubricant  with  the  substrate  and  the  degradation  of  the  lubricant  either 
through  oxidation  and/or  thermal  degradation  complicate  the  mechanistic 
understanding.  Under  tr ibochemical  conditions,  where  enhanced  reaction  rates 
arise  because  of  bond  rupturing  and  the  presence  of  the  dangling  bonds,  manv 
reactions  occur  that  norm.ally  would  not  take  place.  These  areas  of  surface 
adhesion  and  chemical  reactivity  are  largely  untouched  in  metal  systems. 

Testing  of  ceramic  materials  at  high  temperatures  (SSO’C)  has  been  verv 
limited  (Longson,  1983;  Weilbach,  1982;  Gardos ,  1982;  Yonushonis,  1980  and 
1933).  Lubricants  used  include  cesium  molybdate  complex,  gallium- indium.- 
tungsten  disele.nide  (Ga/In/WSe^)  compact,  tungsten  disulfide,  polyimide, 
metal- free  phtha locyanine ,  graphite,  and  calcium  fluoride -bar ium  fluoride 
eutectic  in  nickel  foam.  Ceramic  materials  used  were  primarily  silicon 
nitrides  and  silicon  carbides.  Most  of  the  test  results  reported  poor 
performance  compared  to  conventional  metal  system.s  under  approximately  the 
same  speed  and  load  conditions.  The  ceramic  counterpart  at  high  temperatures 
typically  lasted  1  or  2  hours,  compared  with  thousands  of  hours  of  operating 
time  for  metals. 

One  of  the  technical  challenges  mentioned  by  many  researchers  involved 
in  ceramic  bearing  testing  with  solid  lubricants  is  the  rapid  rise  in 
temperatures  at  the  interface.  Ceramics  have  lower  thermal  diffusivity  than 
;netals.  Ceramics,  being  brittle,  fracture  relatively  easily,  producing  high 
friction  under  boundary  lubrication  conditions.  Frictional  heating  can 
produce  extremely  high  flash  temperatures  and  interfacial  temperatures.  1! 
one  goes  to  higher  temperature  lubricants  such  as  oxides  (bonded  PbO-SiO,^  or 
inorganic  .salts,  the  friction  often  is  quite  high  (coefficient  of  friction 
',2  to  0.8).  Manv  high- temperature  solid  lubricants  such  as  glasses  and 
•'I'iorides  are  brittle  and  abrasive  below  their  softening-point  temperatures. 
rUis.  a  combination  1  ow  -  tempera  t  ure  lubricant  and  high- temperature  lubricrin,; 
i  1  1  rie  ne o c s sa f  ■/  . 
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Source:  Owens.  1985 

"Dimensionless  wear  coefficient. 

^  “  DL 

-  hardness , 

V 

=  wear  volume , 

D  ■=  distance  traveled. 

L  “  load) 

"i.ite  based  on  0.020  in. 

wear  under  typical 

conditions , 

P 

=  300  psi 

R!•.i■(^ylME^’ DAT  IONS 

In  the  area  of  ceramic  lubrication,  the  most  urgent  need  is  to  develop  an 
effective  lubrication  system  so  that  ceramics  can  be  utilized  effectively. 

To  accomplish  this,  research  in  several  areas  needs  to  be  addressed; 

Lubrication  Mechanisms 

■  Low  temperature  (bulk  temperature)  applications  are  going  to  create 
the  largest  short-term  markets  for  structural  ceramics.  The  chemical 
reactivity  between  hydrocarbon  structures  with  ceramic  surfaces  needs  to  be 
defined.  The  mechanisms  of  reaction  and  rates  of  reaction  under  boundary 
lubrication  conditions  should  be  studied  to  examine  the  structural  effects, 
functional  group  influence,  and  the  physical  properties  effects. 

■  Surface  forces  at  ceramic  surfaces  need  to  be  measured.  The  addi- 
■  ior.al  tiouble  layer  forces  at  ceramic  surfaces  will  effect  adsorption, 

!  '.br  i  r.-int  -  .substrate  adhesion,  wetting,  and  reactivity. 

■  Lubrication  mechanisms  of  solid  lubricants  at  high  temperatures  need 
f I'lr i dat ion .  Effects  of  diffusion,  segregation,  reactions,  degradation  on 
.idbic.s  i  on .  and  .surface  protection  need  careful  study.  The  formation  of  new 
pb.asc-s.  reaction  products  at  high  temperatures,  with  and  without 

;  r  i  bo'  fin;  ac  t  .s  ,  needs  to  be  defined. 


■  The  rmocivnain  i  c  equilibrium  of  phases  and  solubilities  of  the  lubricant 
and  substrate  needs  to  be  experimentally  determined  and  subsequently 

n ’.'tni  i  c  t  ed  1)V  models. 

■  De£;radation  m.echanisms  of  lubricants  and  their  influence  on  friction 
.iiui  wear  over  the  temperature  ranges  should  be  studied. 

l.'.’.b  r  i  e  arit  Deve  lonment 

■  F.l  ement  -  spec  i  f  ic  chemistry  based  additives  that  provide  friction  and 
wear  coittrol  through  the  formation  of  protective  friction  and  wear  control 
througit  the  formation  of  protective  films  need  to  be  developed. 

■  High  temperature  antioxidants  that  can  survive  ^OO^C  for  a  short 
period  of  time  should  be  developed.  Various  mechanisms  may  be  operative  in 
this  temperature. 

■  For  heat  engine  applications,  high  temperature  (400°C)  ashless 
dispersants  and  acid  neutralizers  are  needed. 

■  Novel  compositions  in  synthesizing  high  temperature  liquid  lubricant 
tteed  to  be  explored. 

Li-ihricant  Delivery  and  Disposal  Research 

■  Vapor  phase-deposited  lubricants  for  short  duration  protection 
constitute  a  very  attractive  concept.  Functionality,  reactivity,  deposit 
control,  and  reaction  mechanisms  need  to  be  systematically  investigated. 

■  Impregnation  of  lubricants  into  the  materials  substrate  by  coatings, 
ph'.'sical  vapor  deposition,  ion  beam  mixing,  and  self  -  lubricating  composites 
should  be  explored. 

■  Spent  lubricant  and  wear  debris  will  be  deleterious  to  system 
durability.  Mechanical  design  changes  as  well  as  chemical  means  in  removing 
them  may  be  critical  to  the  lubricant  selection. 

In  ceramic  lubrication  research  fundamental  information  is  lacking. 

Vhile  the  technology  of  metal  lubrication  has  matured,  detailed  mechanisms 
are  not  fully  understood.  Thus  information  transfer  from  existing  techno¬ 
logies  to  ceramic  lubrication  may  be  very  few.  A  systematic  effort  is 
defining  the  surface  energy,  surface  reactivity,  surface  composition  of 
simple  single  crystals  with  different  molecules  under  different  environmental 
factor.s  needs  to  be  established. 
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Chapter  b 

S IRVCTCRF..  COMPOSITION.  AND  REACTIVITY  OF  CERAMIC  SURFACFS 


'cviciii  and  ’^ear  o  [  (’eramics  and  their  reaction  to  lubricants  depend 
iiieasure  on  tiieir  surface  properties  (Buckley,  Biickley  and 

'Rl'.  It  is  well  kno’WTi  that  most  properties  of  a  solid  are  often 
C!  rtu-  surface  from  what  they  are  in  the  bulk  and  are  deteritinod 
^c  i : e rac t i on  of  the  solid  with  its  environment.  The  surface 
tor  it'.stance,  affects  whether  a  machine  operates  in  the  hvdio- 
i;-;<'d,  o!’  boi.u’.darv  lubrication  regime.  With  metal  machinery,  this 
ipirc.'  i  .s  usual  Iv  modified  in  early  stages  by  the  process  of 
w!ii..-li  plastis-  deformation  and  wear  of  the  surfaces  bring.s  about 
i.  ir.r,  of  the  two  sliding  bodies  and  improves  lubrication.  With 
.hu;,  usual  Iv  wear  bv  fracture  rather  than  plastic  deformation, 
pe; i od  rcav  produce  a  rougher  rather  than  a  smoother  surface 
■r.ide  •  In-  machine  rather  than  improve  it.  The  break-in  will  depend 
■'  ice  }iai(iTu-»ss  of  ceramics  or  their  plasticity;  there  have  been  many 
i:;s  that  sb.<iw  that  the  surface  of  a  ceramic  is  rendered  more 
•he  err.- i  r  or.ment  'the  Rehbinder  effect)  or,  in  other  situations, 
ivircHiment  will  embrittle  the  material  and  accelerate  crack  propa- 
.  a  similar  veit>.  the  surface  composition  of  the  ceramic,  which  is 
tv.-  '.heiTiical  interaction  of  the  material  with  the  environment,  will 
h.e  adhesion  ber-ween  the  ceramic  and  the  counterface,  and  therefore 
'P.  coe  f  f  i  c  i  ent  .  Recent  work  has  shown  that  friction  causes  a  large 
.  :  h.e  ft  ac  t:  i  vi  ■  V  of  ceramics  over  what  it  is  in  the  absence  of 
I'll  i  s  t  r  ibochemi  strv  can  be  beneficial,  since  the  reaction  can 
sui'faee  lavers  that  distribute  the  stresses  and  decrease  the 
:  urns  of  wear.  It  is  therefore  obvious  that  knowledge  of  the 
'•pc'f  i>  .s  of  ceramirs  ran  greatlv  assist  further  progress  in  their 
1  in  r  r  i  ho  1  og  i  ea  1  s  i  t  v.iat  i  ons  .  The  surfaces  of  interest  will 
■  (i-a  o!  two  uppermost  lavers  of  atoms  that  control  acihesinn, 
ipi  ■  '  1:,)  r  i  e  ,i  t  i  ot;  piienomena  as  'well  as  a  more  extended  ’'near- 
I’.'er  •liat  di- 1  t  I'm  i  lies  T  lie  mc-chanical  behavior  of  the  material  and 
■  i  ■  .I’.'n  '!  h.  d'-pt  h  nt  tiiis  neat'-surfare  laver  extends  as  f..s 

'•  s  from  t  iiose  oi  t  lie  tui  1  k  .  Wh.'it  tollovs  is  an 

u:,  ;■  ’  lio  s'.i't  of  knowledge  of  the  surf.uu'  ['ropertiis  of 


f  ill  i.' f  1  ci;;;  i  c s  ,  v. ■ 
.  1 :  1  f  I.  r  V  s  ;  a  I  s  .  1 1 


If  Tf  (Hia- ;  r .a  i'‘.  ( 1  r  1  i- : :  ■  a 


111  1  ini'  mat  f  rial  .  an.ii  tlu'  irndi  i  ir,i',  ;i 
!  ion  ot  fi  ict  ion  arai  vo  ir. 


vi;:.:;  o:.f;:’!oal  iuiniiino  is  s'ron,;!'/  i  n  f  1  ■  ■  is  ■  •  ■  i  1  o■.■ 

o-a-;,-  on:.;:. ,1s  :  onoh  as  the  oovalfn:'  solids,  Si 

Sr’. ,1s  S' 1  :  n.  ,1  i.irsf  f.rtii't  ii'i;  o!  d-i-ifo'  non  .  n:’.  on: 

1  I  .  ,,;;d  Cl  s  ,s  i*  s  .s  a:,  Cil  c  ■.  c’i  .  iii  .'i  ,  i.a  s 

,  *  Is  ' :  i  t  ;  t  f: :  i  noi';  :  Ju  ,  r  !  n  i  i  r.  po-  i  t  i  o.  n ;;  in  ;  , ,  v.  a ,  ,  o ; 

I'l-  oKi  'rhis-if  ro!"  ons  t in  ■  f  il  5;virt,ii'fS  "inn  cl.t:;,;.',!,-,- 

:;n  nil  ons  t  rno  :  f  d  ones,  but  o  n”  i  run.iK-nt  s  tlaat  ri-act  strcirtn.l'. 
f.it,  t  i'.f  i  r  casT,  surface  structure’.  We  r’:’;;itrt  tna'  tin 
i  cifanvlcs  vill  also  displav  a  rc-const  runt  i-d  surf  ace  tru  '- 
in.  1 V  silicon  carbicie  lias  hetui  invest  ipat.ed,  N.jt,,rajaii  a::d 
'Ua'.’e  .ipplied  ,an  interesting  novel  technique-  i  t  x t  (-nd>n d  t  iia 
t’aain  '  iuu-rgv  losses)  with  vhich  thev  confi.rnieci  tiie  knovn 
■  ru.iture  of  liulk  silicon  carbide,  B'.'  using  1  ov  -  f-ru- rgv 
:o:;  iiid  Auger'  electron  microscop'v,  Da'/an  (ld8a'  has  sh.ov.-i; 
n't, Co  of  r,  i  nc  -  bl  ended  silicon  cai'bide  is  incieed  recoir- 
t  h,e  r'f  cton.s  t  rue  r  ion  is  different  on  the  ctrrbon-rich 
■;  .'h  s'lrt’.aces  ,  We  have  not  been  able  to  find  anv  otlter 
■;  the  surfac,'  stri.tcture  of  certimics.  Howe'cer,  when  'we 
f’.-  c'oa  r'los  i :  i  o!',  of  certrmics,  we  shall  see  that  ad.so  rp  t  :  cu! 

!  t’i'ol'.ib  1  iKodifv  the  stirface  structure, 

to ;  ■  ti'e  s  ('i  certtrin  ceramics  (Kingerv  e  t:  al,,  li')i'’i  suc'h  : 
en.sitic  t  r. arcs  foriivr  t  ion  under  stress,  which  confei's  a  much- 
ss  to  th.fse  mati-rials.  Since  wear  of  cei'amic.s  occurs 
.’.'■,icture,  incri-ased  t  (Highness  leads  to  increased  wear 
-.eS'  o'  ,'i  1  .  ,  I'lB'').  It  h.'is  been  reported  (Hasestiwa,  1 ‘h'l  3  i 

;uc,  <.,  ,a  •  rn.iiS  f  (irm.at  i  on  oi  the  crystallographic  structure  ir 
i  iVif  o;  :: i  I'conium  oxide  to  a  rhoirbohedral  phase  tliat  is  t 
u'f'i  i  ri  tilts  materiai  and  increases  ir,s  toughness.  Manv 
t  r  i’lo,  i  lui  1  reactions  durin.g  friction  and  acquire  an 
l-'i'.o  r  'Fischi-r  arid  Tomit.awa,  1 98a).  These  aiiuar;  hous  l.i'.'i 
1".  t  (■  a  1  p.roperties  from  the  c  rvs  t  a  1  1  i  nc-  bulk  and  c..;:., 
'i  r ncf  s  ,  I'ii-crease  friction  anrl  wear. 


■ir,-  produced  b-.'  ;a  i  nt  i- r  i  ng, ,  react  ion  b'U'ai  i  nr. . 
rfei't  densit-.-  of  thf-se  ma  ‘  r- r  ;  .  1 1 -  annot  b-- 
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Chapters  3  and  8.  Miyoshi  and  Buckley  (1982)  and  others  before  thom  have 
observed  that  friction  and  wear  resistance  of  ceramics  often  show  a  stroip’, 
dependence  on  the  crystallographic  orientation  of  the  sliding  surface, 

BULK  COMPOSITION 

One  of  the  reasons  ceramics  are  considered  for  tribological  elements  i  .s 
because  the  ceramics  are  chemically  stable  compared  to  metals.  Metals  in 
close  contact  have  a  strong  tendency  to  adhere  through  the  formation  of 
chemical  bonds.  Rabinowicz  (1984)  reports  a  wear  coefficient  in  the  range  ot 
10  ■  for  metals  for  severe  galling  due  to  adhesive  wear.  A  comparable 
wear  coefficient  for  adhesive  wear  of  ceramics  is  10  The  influence 
of  chemical  composition  was  discussed  in  Chapter  3. 

The  compositions  of  the  powders  used  to  fabricate  a  ceramic  largely 
determine  the  chemical  characteristics  of  the  final  dense  ceramic  as  well  as 
many  of  the  physical  and  mechanical  characteristics.  The  starting  materials 
must  be  chemically  analyzed  to  identify  the  level  of  impurities  present. 

These  impurities  will  generally  remain  in  the  ceramic  throughout  processing, 
and  will  affect  the  tribology  behavior.  Major  concerns  are  thermodynamic 
stability  at  the  service  conditions,  avoidance  of  adhesion  to  the  mating 
contact  surface,  and  understanding  of  any  potential  chemical  reactions  that 
might  occur  at  the  contact  interface  (see  Chapter  9).  Knowledge  of  compati¬ 
bility  with  an  intended  lubricant  is  also  necessary  for  the  complete  range  of 
application  temperatures. 

At  the  current  state  of  technology,  the  composition  usually  cannot  be 
selected  to  be  optimum  for  all  the  tribology  requirements.  This  is  partly 
because  we  do  not  have  an  adequate  data  base  to  understand  the  complex 
interactions  between  composition  and  tribology.  It  is  also  partly  caused  by 
the  composition  compromises  necessary  to  achieve  densif ication  or  to  control 
microstructure.  Many  ceramic  powders  will  not  densify  to  a  strong,  pore-free 
ceramic  unless  impurities  (called  sintering  aids)  are  added.  The  sintering 
aids  alter  the  surface  tension  of  the  ceramic  particles  at  high  temperature 
and  allow  material  transport  between  adjacent  particles  so  that  the  particles 
bond  together  and  porosity  is  eliminated.  The  sintering  aids  may  remain  in 
the  composition  and  modify  the  chemical  activity  of  the  ceramic  relevant  to 
tribological  and  mechanical  behavior. 

Substantial  progress  has  occurred  during  the  past  decade  in  the 
development  of  high-purity  reactive  powders  that  can  be  densified  with 
minimum  of  sintering  aid.  This  is  likely  to  support  development  of  stable)’ 
ct’ramics  for  tribological  application.  However,  this  also  causes  problems. 
There  are  now  ceramics  commercially  or  experimentally  avail.aljle  that  ha’.'e  a 
common  generic  name  but  vary  broadly  in  chemical  charac  r  e  r  i  s  t  i  c  .s  .  I'oi’ 
‘■/Sample,  a  wide  range  of  Si^N^-based  compositions  exist,  .-ind  all 
.'ire  marketed  under  the  generic  name  of  silicon  nitride.  Tlie  s.ame  i  .s  true  fo; 
zirconia,  alumina,  and  silicon  carhi  '■  material.s  This  places  a  diilicult 
burden  on  the  tribology  researcher  in  the  screei.,ng  and  chti  rac  t  e  i’ i  .-.a  t  i  on  of 
m/iterial.s  and  emphasizes  the  need  for  standardi  zat  i  <ui  of  te.st  ii  ,<  t  e  r  i  a  1  .s  . 
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.1  si-rit's  ot  invost  ions  with  silicon  rtii'hiiii.'  siiirii'  >  :  v: 

.i'.td  Ri-U'klev  demons  t  ra  r  ccl  a  liifcc’t  fi' 1  a  t  i  on.st  i  i  ;i  hi"'/ 

A  it'll  ot  a  t'fiamic  atid  its  frirtion  foe  i  t  ■  c  j  tii  ’  In  '.'ar'.iia 
itnre  ot  the  material  between  room  temperatnre  .ind  .iboui  l  a 
:  r.’n  -  vac 'anm  system  and  measuring,  the  frier  ion  eoei  fie  lent  as 
■  composition  bv  x-rav  photoelectron  (XPSt  and  Aur.i’t  '  AhS  ^  t 
they  showed  that  at  temperatures  ahoye  Son  a;  tlie  irit  t  i  tin  t 
decreases  precipitously  because  of  surfac«-  sec, repa  r  i  on  ot  i 
1  room  temperature  anc’  400°  C,  tliese  authors  also  mer.suia  li  .. 
lotion  coefficient  that  they  ascribe  to  surface  carlion  and  t 
ination.  In  very  early  experiments,  Bow'den  ,-uid  Tabor  i  i  '6  * 
le  friction  coefficient  on  diamond  against  itself  is  about  i 
assumes  very  large  values  when  measurt-d  in  vat  uum ,  Tlu'y  , 
it’tlon  coefficient  to  water  vapor  that  dwelt  on  t  la-  suitat'o 


■  f  i  i  c  i  e 


.•gen 

lad  sh.ow; 


'  r  i  li.-ii  t 


show  that  the  surface  of  ceramics  plavs  an  imj'or: 


'sticcil  behavior. 


M".ch.  w’ork  has  been  done  on  the  surface  compos  i  t.  i  on  of  cer,.ir,irs  . 
ifiailv  SiO,  and  Al^O^,  which  are  used  in  highly  dispeinsed  form  as 
il'csts  and  as  support^  for  metallic  catalysts.  Th.e  clieniistry  ot  silicon 
te  surfaces  is  well  described  in  a  voluminous  book  by  Iler  il^A)),  in 
case.s  the  surface  of  silicon  oxide  is  saturated  with  OH  to  which  water 
■cules  are  attached  by  hydrogen  bonds.  The  surface  compositions  of 
'bite,  diamond,  silica,  titania,  and  alumina  are  described  in  a  review 
c 1  (■  by  Boehm  (1966).  Studies  on  dispersed  ceramics  have  shown  that 


•dration  of  oxides  is  a  common  phenomenon.  Hvdration  of  silica  and  alu.mlna 


•■'risc.A.,  1963.)  is  irreversible  at  room  temperature  and  can  be  reversed  only 


temperatures  as  high  as  SOO’C.  Hydration  of  TiO  ,  by  contrast,  is 


•.•ursihle  (Frisch,  1965  ).  Hydrocarbons,  especially  the  fattv  acids, 
.cohol.s,  and  esters  so  im.portant  to  boundary  lubrication,  are  adsorbed  or. 
■ramies  as  well  as  they  are  on  metal  (Her,  1979;  Boehm,  1966).  Pure 
itaffins  such  as  hexadecane,  which  result  in  a  high  friction  coefficient 


:i  literals,  form  boundary  lubricants  on  ceramic  surfaces  (Si,N  and 

3  ^ 


generate  friction  coefficients  as  low  as  0.1  (Jahanmir  and 


.scher,  1986).  In  this  context  it  is  well  to  remember  that  SiO, 


and  e.specially  s  i  1  i  ca  -  a  lumina  ,  contain  strong  acid  and  base  sites 


art  responsible  for  their  catalytic  action  in  cracking  and  isomerization  of 


■  o  c  <  I  r  b  o  n  .s  f  F  i  .s  c  h  e  r 


Tanabe ,  1970).  The  tribological  importance  of 


the.se  acidic  and  basic  properties  lies  in  the  fact  that  they  have  a  great 
i  : .  f  1 '.uiice  on  the  adiiesive  properties  of  these  materials  (Fowkes,  1982). 


ice  temi'erat 'ire  increase.s,  the  chemical  activity  of  the  svirface 
.  Zirconium  oxide  I'ZrO^)  and  titanium  oxide  (TiO.)  beromt- 
•.'ficien'  .at  '  hu  s-irl.ice  in  a  nonoxvg'^'n  atmospti.ere  at  high  tempr'i- 
.‘lost  peta's  ji]us  most  notio;-;  i  de  ceramics  form  a  surfaci'  oxide  f  i  1  r.’ 
used  I  .^1  lir  on  ov-.T-cn  a;  a'levated  temperature.  The  surf.ice  oxide  !, 
■  'Icaii'  .il  cha  r.ac  r  (■  r  i  ■:,  t  i  cs  anfi  i  .s  generallv  softer  than  the  base 
in  ..oii'e  cases  'he  oxide  c.in  provide  lubrical  ion;  in  otlaers  it 
lU.  in.’re.iSed  ri'e  of  'wear. 
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The  degree  of  corrosion  attack  is  largely  controlled  bv  the  chemical 
.ispects  of  the  microstructure.  Composition  of  both  the  grains  and  grain 
l''”ui;dar  i^'.s  is  important.  If  impurities  are  concentrated  at  grain  boundari  e.s , 
coirosion  can  pre fe rent ial 1 v  attack  the  grain  boundary  phase  and  undercut 
;  h.e  grains,  resulting  in  material  degradation  to  a  greater  depth  than  would 
n.ormallv  occur  with  attack  of  the  grains.  Grain  size  and  the  relative  ratio 
oi  grain  voltute  to  grain  boundary  area  influence  the  rate  of  chemical 
interaction.  Other  microstructure  features  can  also  affect  corrosion  and 
ctb.er  forms  of  chemical  activity.  Surface-connected  porosity  and  surface 
cracks  increase  the  surface  area  of  material  accessible  to  chemical  attack 
.-.nd  allow  access  to  subsurface  material. 

For  some  materials  the  nature  of  the  oxidation  varies,  depending  on  the 
partial  pressure  of  oxygen.  This  is  the  case  for  silicon  nitride  and  silicon 
carbide  at  elevated  temperature.  If  the  oxygen  pressure  is  high  enough,  a 
coherent  layer  of  SiO^  will  form  on  the  surface  and  act  as  a  diffusion 
barrier  to  further  oxidation.  The  oxidation  rate  will  be  parabolic.  If  the 
partial  pressure  of  oxygen  is  too  low,  a  protective  layer  will  not  form. 
Instead,  volatile  SiO  will  form  and  the  oxidation  kinetics  will  be  linear. 

The  tribological  behavior  of  materials  is  often  dominated  by  the 
thin  surface  layers  that  result  from  interaction  of  the  material  and  the 
atmosphere.  For  instance,  silicon  nitride  and  silicon  carbide  interact  with 
oxygen  above  about  800° C  to  produce  a  surface  film  of  silicon  dioxide.  At 
higher  temperatures  the  oxide  layer  forms  more  quickly  and  to  a  greater 
thickness.  The  silicon  dioxide  is  amorphous  initially  and  softens  well  below 
its  m.elting  temperature.  This  leads  to  surface  sticking  (usually  above 
1200°C)  and  a  dramatic  increase  in  the  coefficient  of  friction  (Smyth  and 
RicVterson,  1983).  At  a  high  enough  temperature,  the  viscosity  of  the  silicon 
dioxide  aecreases  (Lindberg  and  Richerson,  1985).  This  behavior  is  illus¬ 
trated  for  silicon  carbide  in  Figure  5-1.  It  should  be  noted  that  the 
interior  microstructure  and  composition  of  the  silicon  nitride  or  silicon 
carbide  are  not  changed.  The  surfaces  will  be  further  altered  in  a  vacuum. 
Oxide  layers  may  volatilize,  oxide  ceramics  may  become  nonstoichiometr ic  at 
the  surface,  and  some  nonoxide  ceramics  may  dissociate.  This  may  increase 
the  difficulty  of  achieving  lubrication  or  a  low  coefficient  of  friction.  In 
'  ne  silicon  carbide  material,  friction  and  wear  were  reported  to  decrease 
under  vacuum.  Surface  decomposition  of  the  silicon  carbide  formed  graphite 
•l;at:  acted  a.s  a  solid  lubricant  (Miyoshi  and  Buckley  1980). 

Inrpurities,  whether  introduced  from  the  atmosphere  or  from  adjacent 
.T, .  r  f  I' i  a  1  .s  .  ran  alter  the  chemistry  at  the  surface.  In  some  cases  this 
ru'sult.s  in  a  viscous  surface  layer  that  might  impede  relative  motion  and  lead 
•n  ,i  stress  buildup.  In  other  cases  the  impurities  will  lead  to  a  corrosi’.’e 
iriare  '■  an  po  s  i  t;  i  on .  For  example,  impurities  such  as  Na^  and  Ca^^  modify  the 
!  1  i'.*  r  oi;  silicon  nitride  to  yield  a  composition  that  can  locally 

:ii(.  .silicon  nitride  'o  produce  surface  pits  (Carruthers  et  al., 

.  Tht. '■('  pits  reduce  the  material  strength  and  increase  the  coefficient 

f  i  c  ■  icn.  A  .similar  mechanism  plagues  metals  in  gas  turbine  appl  i  ca  t  i  on.s  , 
.sod:  im  from  sea  water  mist  or  road  salt  and  sulfur  from  the  fuel 
'i;d-  T'.S'‘  a.s  ha  ,S0^  at  temperatures  in  the  range  of  1200  to  1800°  F  and  cause 
•  1*0  "!iot  corrosion." 
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TEMPERATURE  i'C) 


FIGURE  5-1  Coefficient  of  friction  for  SiC  in  air  as  a  function  of 
temperature  (Lindberg  and  Richerson,  1985). 


CHEMICAL  REACTIONS 

Ceramics  have  been  selected  for  tribological  use  at  high  temperatures 
in  part  because  of  their  chemical  inertness.  Recent  investigations  of 
friction  and  wear  of  ceramic  materials  in  different  environments  have  shown 
that  friction,  and  especially  wear,  are  strongly  influenced  by  the  chemical 
nature  of  the  environments.  This  has  already  been  shown  in  earlier  work  by 
Buckley  (1972)  and  later  by  Shimura  and  Tsuva  (1977)  and  by  Wallbridge  and 
coworkers  (1983).  Often  the  effect  of  the  environment  on  wear  has  been 
interpreted  in  terms  of  the  Rehbinder-Westwood  (Westwood,  1974;  Rehbinder, 
1928)  effect,  which  states  that  the  hardness  of  the  surface  is  modified  by 
the  environment.  However,  recent  work  by  Fischer  and  Tomizawa  (1985)  has 
shown  that  friction  vastly  increases  the  rate  of  chemical  reactions  on  the 
surface  of  ceramics,  to  the  effect  that  the  oxidation  of  silicon  nitride 
occurs  at  the  same  rate  at  room  temperature  as  it  would  without  friction 
above  1000° C.  These  tr ibochemical  reactions  (Heinicke,  1984)  have  a  profound 
effect  on  wear,  an  effect  that  can  be  beneficial  since  humidity  in  the 
atmosphere,  for  instance,  decreases  the  wear  rate  of  silicon  nitride  in 
unlubricated  sliding  by  a  factor  of  100.  At  high  temperatures,  similar 
reactions  can  decrease  the  friction  coefficient  by  forming  a  soft  lubricating 
layer  on  the  surface  (Tomizawa  and  Fischer,  1986), 

There  is  a  large  volume  of  literature  dedicated  to  the  surface  chemistrv 
of  ceramic  materials,  mostly  related  to  their  application  as  catalysts, 
semiconductor  passive  layers,  and  refractories.  Most  theories  of  surface 
chemistry  of  ceramics  are  concerned  with  electron  charge  transfer  and  surface 


"'“  ’»***"*'»'*»*'**  If*  ■  «■  II  !)■  I  ■>  I'll  vivi»'n«Tn  ■  ji  iji  »ji»j*.w!»’Ui"J»''J’'Ji"ji  yyj''y.  yjr.  rjy.  ir..'  rj 

k’^V  Aq 


acid-base  properties.  Much  of  the  ceramic  catalytic  literature  relates 
cliemical  activity  to  charge  density  and  the  probability  for  electron  transfer 
at  surface  active  sites  (Knozinger  £ind  Ratnasamv,  1978;  Caiiipelo  et  al.  , 
l‘hS,i)  Work  in  the  field  of  adhesive  bonding  has  also  lead  to  tlie  conclusion 
that  electron  transfer  is  responsible  for  adhesion  of  films  to  stibstrates 
^Dervagin  et  al.,  1978)  and  to  the  hypothesis  that  blocking  of  charge  trans¬ 
fer  or  reduction  of  electric  fields  would  reverse  reactions.  Later  work 
has  demonstrated  that  total  electron  transfer  is  not  required;  intermediate 
hvd.rogen  bonding  reactions  are  also  involved  (Bolger  and  Michaels,  1968). 

.•\lumina,  magnesia,  and  silica  are  probably  the  most  widely  used 
ceramics.  They  possess  similar  electronic  structures  (Tossel,  1975;  Ciraci 
and  Batra,  1983;  Ching,  1982),  consisting  of  a  split  valence  band  of  0  2s  and 
t>  .'p  orbitals  with  very  little  cationic  characteristics.  The  conduction  band 
is  nearly  entirely  cationic  3s  and  3p  in  nature  and  the  band  gaps  are  large, 
irt'::;  '.5  to  9,5  eV  (Strehlow  and  Cook,  1973),  making  these  oxides  very  hard 
acids  and  bases.  The  electronic  structure  of  water  is  similar  to  that  of 
th.ese  oxides  (Franks,  1972).  The  oxides  and  water  undergo  typical  acid-base 
reactions  with  charge  transfer  that  causes  dissociation  of  the  water  into 
proton.s  and  hvdroxvls.  Ions  in  solution  are  bonded  to  charged  sites  on 
the  surface.  .411  of  these  oxides  have  stable  hydroxide  surfaces  and  have 
pFI  -  dependent  solubilities  in  water  that  range  from  10’^  for  silica  and 
10'"'  for  alumina  to  complete  dissolution  for  magnesia  (Wiese,  1973). 
Dis.solucion  in  water  is  accelerated  by  friction  enough  to  represent  a 
ite.isurab  le  wear  mechanism  (Fischer  and  Tomizawa,  1985).  Many  complex  ions 
.id.soi'b  into  the  surfaces  of  the  oxides.  Generally,  these  are  the  hard  ions 
such  as  PO,;^ ,  SiO^,  and  CrO^,  which  form  stronger  electrostatic  attractions 
rh.in.  water  and  displace  the  latter  from  the  surface.  Others,  such  as  SO^  and 
NO,  react  more  slowly  (Katsanis  and  Matijevec,  1983).  Organofunctional 
dc  !•  i '.-a  t  ives  of  these  ions  are  also  known  to  react  with  oxides;  organos  i  1  ianes 
and  organophosphonic  acids  are  used  as  coupling  agents  for  paints  and 
adhesives  (Sung  and  Sung,  1981)  and  surface  hydration  inhibitors  (Ahern  et 
nl..  1981).  Reactions  with  organic  compounds  are  limited  to  charge  transfer 
reactions  with  highly  polar  functional  groups  such  as  alcohols,  acids  and 
amines,  which  dissociate  or  form  polar  hydrogen  bonds  (Her,  1981;  Bolger  and 
Michaels,  1968).  The  oxide  surfaces  are  known  to  catalyze  ring  opening 
reactions  when  the  ring  is  small  and  highly  polar  (Pozner  and  Rogers,  1977). 
The  tendency  of  alumino — silicates  to  catalyze  alkene  production,  cracking, 
and  isomerization  is  attributed  to  the  electrophilic  or  nucleophilic  reaction 
sites.  V/ith  nonpolar  organic  species,  no  strong  reactions  are  reported  in 
the  literature,  though  we  have  already  mentioned  the  adsorption  and  boundary 
lubrication  of  paraffins  during  friction. 
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Silicon  nitride  and  silicon  carbide  have  narrow  band  gaps,  2.8  eV  for 
Sic  and  510  eV  for  Si^N^  (Strehlow  and  Cook,  1973).  In  addition,  both 

)ng  tendency  towards  nonstoichiometrv ,  which  further 
One  thus  expects  them  to  be  soft  acids  and  bases, 
slowly  with  air  or  water  to  form  the  chemically  more 
oxide  surface  coatings  which  have  the  chemical 
above.  At  high  temperatures  they  oxidize  with  a 


%.■ 

rerl.ires  the  band  gap 

Brith  materials  react 

f': 

.stable’  oxynitride  or 

jiropert  i  es  described 

■-5-: 

parabolic  rate  (.Babini  et  al  .  ,  1986;  Kiehle  et  al,,  1974;  Dutta  and  Bazek, 

..nd  the  binder  of  the  material  Influences  the  oxidation  rate  (Wu  et 
il..  1481;  Dutta  and  Bazek.  1984;  Bouarroudj  et  al.,  1985).  The  oxidation 
r.ite  of  silicon  nitride  in  htiraid  air  is  about  1000  times  higher  than  it  is  in 
drv  oxvgen  (Singhal,  1976!  .  a  behavior  similar  to  that  of  metals.  Because  of 

oxiaation.  these  materials  have  surface  chemistries  in  air  that  are  nearly 

id.it.tical  to  that  of  silica. 

Zirconia  possesses  a  band  structure  similar  to  that  of  the  other  oxides. 
l>v;:  its  band  gap  is  only  5.0  eV  (Strehlow  and  Cook,  197.3).  Because  of  this, 
tirconia  is  a  softer  acid-base  than  the  other  oxides  or  the  oxidized  surfaces 

or  Sic  or  Si.,N,.  Zirconia  is,  for  instance,  very  weakly  acidic  in  water 
.•\hmed,  1963;  Rav ,  1975).  The  reaction  is  a  dissociation  of  the  oxide  to 
rorm  Zr'*^  and  ZrO^  in  solution.  As  the  concentration  of  the  latter 
in.creases  above  10  ®,  complexation  to  ( Zr^  (011)^  (H^O)  ®  ’  and  eventually 
rccrv-stallization  of  the  oxide  occurs;  no  zirconium  hydroxide  is  known  to 
form  (Regazzoni  and  coworkers,  1983).  These  weak  interactions  would  seem  to 
preclude  the  possibility  of  environmentally  stimulated  fracture  that  has  been 

p'.'oposed  to  explain  wear  of  ZrO,  in  htunid  environments  (Fischer  et  al.  , 

’.48'').  It  remains  to  be  clarified  whether  the  intergranular  fracture 
observed  in  wear  is  due  to  interaction  of  water  with  zirconia,  or  with 


■'uv  1 1  les  , 


or  the 


stabilizer,  which  has  a  slightly  wider  band  gap  (5 


o'.' 1  and  is  much  more  reactive  with  water  than  ZrO^  (Cotton  and  Wilkinson. 

I  nS'  C),  The  organome  tall  i  c  chemistry  of  zirconia  is  very  rich  (Cotton  and 
■lilkinson,  1980!.  Zirconium  compounds  act  as  Ziegler - Natta  catalysts  for 
polymerization  and  cause  hvdrozirconation  reactions  which  graft  carbonyls  onto 
alkenes  to  produce  carboxylic  acids.  In  tribological  conditions,  the  potential 
exists  for  similar  types  of  oxidation  and  catalysis  reactions  of  organic 
itibricants  with  the  surfaces  or  with  wear  debris  to  form  complex  oxidized 
!  i  r.ome  r  .s  . 


■ARDNF.SS  .AND  STRENGTH  OF  CERAMIC  SURFACES 

'.^he  question  of  whether  the  hardness  of  solid  surfaces  is  larger  or  smaller 
that  of  the  bulk  is  the  subject  of  an  old  controversy  for  metals  as  well 
is  ceramics  (Latanision  and  Fourie,  1977).  Of  more  importance  to  tribology  is 
ho  question  whether  friction  or  tr ibochemistry  produces  a  surface  that  is 
softer  or  harder  than  the  bulk.  It  is,  for  instance,  well  known  that  dry 
.liding  of  steels  in  air  produces  a  very  hard  martensitic  layer  on  their 
.".rface.  Westwood  and  his  collaborators  have  studied  the  effect  of  the 

i  rnniTient  on  the  hardness  of  material  (Westwood,  1974;  Latanision  and  Fourie, 
■''i.  They  have  fotuid  that  it  varies  with  the  chemical  composition  of  the 
■:r- i  I'oMmeiit  and  lia'.’e  e.stablished  a  correlation  of  the  surface  hardness  with  the 
■  .  poti-n:  ia]  .  rrhe  zeta  potential  is  the  electric  potential  that  exi.sts  in  ,) 

i  iquid  l.c.-.u'  neai'  the-  stirface  because  of  the  adsorbed  stirfacc'  charge;;  ;!i.i; 
et  p ;  o  f  r.  s  s  i  •.•(■  1  v  ncfeened  b'.'  ions  in  the  bulk  of  the  liquid.) 

tirht  )■  rt  searcher.s  (Michalske  and  Bunker,  1984)  are  studying  the 
:  ; ’nn:r>  n  t  a  !  ] '/  .s  f  i  mu  ]  ,i  t  c-d  fracture  of  ceramic.s.  This  effect  is  well  known 

n  g,  1  as.ses  and  in  silica.s  whcTe  water  vapor  incre.i.ses  the  propagation  r.ite  of 


s  s 


■  ,ip.d  R',;i:kt'r  fs !  dh  1  i  slu-d  a  niotle  1  bv  whicli  a  watL-r  nioltf'.il 

■  Ti  r.  boiid  hv  prodac  i  up,  two  S  iOH  sites  on  t  hi'  svirfaci; 

‘itatfs  crack  propagation. 
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(at  io  knc>wl  odp,i“  ot  the  surface  chemistry  of  ceramics  (i.e.  , 
■oirpo.s  i  r  i  on  ,  adsorpvtion,  surface  reactions)  must  be  acquired 
r.e  extending  from  200  to  approximately 
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ir  the  formulation  of 
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lubricants 
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Th  is  is 


■  The  phenoir.e no  1  ogv  and  mechanism  of  tr ibochemistry  of  ceramics,  defincti 
; tiie  chemical  reactions  induced  or  modified  by  friction,  must  be  studied  in 
!te  environment  and  in  contact  with  the  lubricants  expected  over  the  whole 
•  ra  t  are  rartge  to  be  encountered  in  practice. 


■  Surfkace  ciia rac  t  er  i  r, a t  i  on  methods  capable  of  detecting  water  and 
.iri'gen  mu.st  lie  further  developed  because  of  the  widespread  occurrence  of 
rf  ice  f'vdration  ot  ceramics. 


■  Surfai  e  morphologv  and  structure  must  be  determined  with  very  fine, 
ral  resolution  because  ot  the  importance  of  stress  concentrations  in  the 
act  of  hard  boditvs. 


■  Surface  crystallography  m'rst  be  studied  as  modified  bv  friction. 
Toughening  and  embrittling  phase  transformations  have  been  discovered  and 
m.odlfv  the  friction  behavior. 


■  A  better  understanding  of  the  hardness  and  toughness  of  ceramic 
X'lrfaces  must  Re  obtained  because  of  their  influence  on  contact  geometry  and 
s  r  r  esse  s . 


■  The  influence  of  adsorption  on  crack  initiation  and  crack  propagaticai 
pia'.-s  an  important  role  on  wear  and  lubrication  of  ceramics.  The.se  phenon.en 
f  mand  an  exhaustive  experimental  and  theoretical  study. 
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Chapter  6 


SURFACE  CHARACTERIZATION  METHODS  RELEVANT 
TO  THE  TRIBOLOGY  OF  CERAMICS 


Many  surface  analytical  tools  are  currently  available.  An  estimated  70 
to  100  different  techniques  can  be  used  to  examine  surfaces  and  surficial 
layers.  These  techniques  provide  various  types  of  information  on  surface 
mic ro - topography ,  crystallography,  or  chemical  composition.  There  is 
considerable  overlap  in  the  information  that  can  be  derived  from  these 
techniques;  also,  some  differ  from  others  in  relatively  minor  aspects  of 
their  methodology  and  information  output.  Those  most  useful  to  the 
tribologist  are  discussed  here. 


Some  of  the  older  methods  of  examining  surfaces  and  surficial  regions 
should  not  be  ignored  in  the  rush  to  employ  the  most  recent  surface 
analytical  techniques.  This  is  especially  true  in  the  tribological  studies 
of  ceramics.  In  fact,  because  most  ceramics  are  electrical  insulators,  they 
pose  certain  problems  to  the  analyst  employing  some  of  the  very  surface- 
sensitive  techniques  of  electron  and  ion  spectroscopy. 


The  obvious,  traditional  techniques  that  can  be  very  useful  in  the 
study  of  ceramics  are  optical  microscopy,  x-ray  diffraction  (XRD) ,  x-ray 
fluorescence  (XRF) ,  and  stylus  prof ilometry .  XRD  and  XRF  are  not  really 
surface-sensitive  because  the  spectral  information  derived  is  from  a 
surficial  region  whose  depth  depends  on  the  energy  of  the  analyzing  x-ray 
beam  and  absorbance  of  the  specimens,  but  typically  is  on  the  order  of  0.02 
mm  in  depth.  These  methods  obviously  are  not  for  monolayer  analysis,  but 
the  surficial  region  probed  is  also  of  great  interest  to  the  tribologist 
because,  for  example,  Hertzian  stresses,  load-  and  friction- induced  plastic 
deformation,  recrystallization  layers,  residual  stresses,  and  products  of 
surface  -  initiated  chemical  reactions  are  all  frequently  present.  All  of  the 
traditional  techniques  mentioned  can  be  used  in  an  air  atmosphere,  while  the 
electron  and  ion  beam  techniques  usually  require  a  vacuum  environment. 


The  analytical  methods  discussed  in  this  chapter  ate  classified  as 
(a)  traditional  methods  such  as  x-ray  diffraction,  optical  microscopy,  and 
.stylus  prof ilometry ;  (b)  well-established  electron  beam  analysis  techniques 

such  as  scanning  electron  microscopy  (SEM),  low-energy  electron  diffraction 
('LPT,D),  Auger  electron  spectroscopy  (AES),  and  x-ray  photoelectron 
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pectroscopv  (XPS);  (c)  ion  beam  analysis  techniques  such  as  ion  scattering 
pectroscopv  (ISS)  and  secondary  ion  mass  spectroscopy  (SIMS);  and 
tn  electron  energy  loss  spectroscopy  (EELS)  and  tunneling  microscopy, 
able  6-1  provides  a  list  of  analytical  techniques  and  their  acronyms  used 


Table  6-1  .6nalvtical  Technique  Acronyms 


6ES 

6PS 

EDS 

EELS 

ELL 

ELS 

EM 

EMM6 

EXAFS 

FIM 

IMP 

ISS 

I.EED 

RBS 

SEM 

SIMS 

STEM 

EPS 

XF 

XPS 

XRD 


Auger  electron  spectroscopy 
Apipearance  potential  spectroscopy 
Energy - dispers ive  spectroscopy 
Electron  energy  loss  spectroscopy 
Ell  ipsometry 

Energy  loss  spectroscopy 
Electron  microprobe 

Electron  microprobe  x-ray  analyzer 

Extended  x-ray  absorption  fine  structure 

Field  ion  microscopy 

Ion  microscopy  analysis 

Ion  scattering  spectroscopy 

Low-energy  electron  diffraction 

Rutherford  back- scattering 

Scanning  electron  microscopy 

Secondary  ion  mass  spectroscopy 

Scanning  transmission  electron  spectroscopy 

Ultraviolet  photoelectron  spectroscopy 

X-ray  fluorescence 

X-ray  photoelectron  spectroscopy 

X-ray  diffraction 


IXSTRUMENTATION  AND  APPLICATIONS 
Traditional  Methods 

The  importance  of  the  type  of  information  that  can  be  obtained  by  x-ray 
diffraction  is  well  known.  This  information,  which  includes  crystallography, 
grain  size,  stress  distribution,  and  glass-phase  detection,  is  of  ob'.ious 
importance  in  the  tribological  behavior  of  ceramics  and  does  not  reqv)  : re 
elaboration  here. 

t.'ptical  microscopy  is  also  of  obvious  value,  but  some  of  the  spi  '  ;<ilir,cd 
‘ei.hniquo.s  of  great  value  in  studying  mechanisms  of  both  liquid  and  .'.olid 
1  u!) r ica t. ion  should  L-e  mentioned.  The  information  explosion  in  the  1960s 
and  1970s  concerning  the  mechanisms  of  e las tohydrodynami  c  lubrication  witli 
oils  was  to  a  significant  extent  due  to  the  use  of  optical  interferometric 
iV;  ic  rose  op-,- .  With  this  method,  it  is  possible  to  determine  the  lubricant  filn 
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■ ':. ;  iK:k's,s  ti  i  s  t  :  i  bu  i  i  on  and  pressure  distribution  within  a  iubricant  con: 
F.'ord  t-:  al  ,,  I'bjS:  Wedevon  of  al  .  ,  197’).  When  combined  witti  itifrart  ci 

;  e !  o.scopv  ,  tiie  metiiod  can  be  used  to  determine  temperature  distr  ibi.ition 
.itb.in  a  iuhrieated,  concentrated  contact  (Griffioen  and  Winer. 
t  r  ctl  ,  ,  h'78;  Winer,  1979).  In  addition,  the  infrared  emission  spectra  fro::: 

1  iinrtzian  contact  can  be  recorded  and  analyzed  to  obtain  information  abovit 
•:.c  c’nen’.ical  composition  of  the  lubricant  film  (Lauer  and  Peterkin,  19  'S). 
b::c‘  optical  techniques  have  an  advantage  in  allowing  measurements  to  be  ir.idt- 
:::  air,  vacaccii  is  not  required. 

Figure  b-I  is  a  scfiematic  diagram  of  an  optical  metallograph  combined 
..ith  a  tribometer  for  the  studv  of  Hertzian  contacts.  Wh.en  rolling  or 
iidir.g  is  ii'iitiated,  an  oil  film  is  formed  in  the  contact  and  the  color 
,i  i  s  t  r  ih'ut  i  on  (due  to  optical  interferonic  effect)  can  be  used  to  compare  f  i  i 
::.ickness  distribution.  The  behavior  of  solid  lubricants,  abrasive  ceraitic 
particles,  and  unlubricated  glass  within  concentrated  contacts  can  also  be 
st’.'.died  with  this  apparatus  (Sliney,  1978). 
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Srvltis  prof  i  lometry  is  also  of  obvious  value  but  is  sometimes  dam.aging  to 
:  i'.e  Film  becau.se  it  is  a  contact  technique.  Several  noncontact  techniques 
.1,0  ::nw  available.  One  of  these  is  tunneling  microscopy,  which  is  discussed 
; ; :  a  later  section. 


Fleet  I'on  Beam  Anal'.'sis 


Scanning  electron  iii  i  c  roscopv  (SKM)  is  a  !)asic  tool  tor  tlie  t  r  i  !jo  1  og,  i  ' 
coirbined  with  ene  rgv  -  di  spers  ive  spec  t  roscopv  (,F1)S).  it  can  gi'.’c  ■  ic.'.i ;  ric  ! , 
i  tiiorraar  ion  on  snrtace  inorpiiologv  and  on  composites.  Figure  e  ' .show; 
examples  of  SEM  artd  x-ray  dot.  maps  that  give  the  element  distribution  in 
a  metal -nonmetal  composite  (Jacobson  and  Young,  1982  ).  Certtmics  tend  to 
"charge-up"  in  the  SEM  and  therefore  are  usually  coated  with  an  extremelv 
rh.in  metallic  or  carbon  film.  The  EDS  technique  prtibes  to  a  sufficient  dcqith 
to  obtain  -elemental  analysis  of  the  ceramic  substrate.  Scanning  t  ran.sm  i  tt.s  i  on 
electron  spectroscopy  (STEM)  is  a  useful  variation  of  electron  micro.scopv  loi- 
txamining  thin  sections. 

Low-energv  electron  diffraction  (LEED)  is  a  well-established  surface- - 
sensitive  technique.  Because  the  incident  beam  is  low  energv  (90  to  900  e'.’). 
structural  (crystallographic)  information  can  be  obtained  for  monolayer 
surface  films.  Figure  6-3  shows  a  schematic  diagram  of  a  LEED  instrument 
combined  with  an  adhesion  experiment.  Figure  6-9  is  an  example  of  LEED 
pcitterns  for  a  clean  iron  surface  compared  with  an  iron  surface  with  an 
alisorbed  monolaver  of  methane  (Buckley,  1970).  Unfortunately,  LEED  can  onl'.' 
he  u.sed  with  difficulty  or  not  at  all  for  insulators  such  as  ceramics  because- 
triev  readilv  assume  an  electrostatic  charge  in  an  electron  beam;  since  the- 
in.cidcnt  beam  is  of  verv  low  energy,  conductive  coatings  do  not  appear  Co 
hi  ,-i  solution.  However,  LEED  is  applicable  to  conductive  ceramics  such  as 
■S'!  i  (con  c.ifl)icie  and  semiconductor  .solid  lubricants  such  as  molybdenum 
■1  (  s'u  1  f  i  de  .  .Anothei'  limitation  of  LEED  is  that  its  use  is  limited  for  the 
’o  :  le-  s’-idv  of  single  crystals. 
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i  ,  I  1  f  i-'e  -  sens  i  t  ive  technique.  It  uses  an  electron  beam 

: ..r  • g  kt-V  energy  and  probes  slightly  deeper  Chan  LEED.  AES 
:  .•h.i'  t.h.in  structural  information.  Probe  depths  can  be 
.-  -  F,  '.icw  '  h(-  surface,  but  the  technique  is  sensitive  to  a 

-r  -  ■  ■  Aug.er  analysis  yields  elemental  composition  and 

ii  L:;:  m  .  -o  ■  :  '  Ft-  cliemical  bond  state  of  those  elements.  The  use  of 

-\FS  'M  tl-,-,-.-  i I, rs  presents  experimental  difficulties  because  of 
t  c  •  :  1 '  .•  F  <  t  rg :  tu'. .  but  procedures  have  been  developed  for  obtaining 

i-f  a  •  e  r  s  .  iiicluding  glass.  Goldstein  and  Carlson  (  1972)  give 

■  t  1  ! .  :i'  spi-ctra  before  and  after  sputter  etching  that 

'.(i-cv  n."  d  i  ‘  1 1- 1  i-nc(- s  in  t  iie  surface  composition  compared  to  tlu* 

rv-  1  f f  ■  -  s' ir  f  ;  c  i  a  1  i  layer  compo.s  i  t  i  on  . 


Figun-  F-s  is  a  .sciiematic  diagram  of  a  combined  Auger  system  and  a 
piii-np.-di.sk  trifiometer  fBuckley,  1973).  This  combination  allow.s  sui'fncc- 
ap.ii'.’s's  nf  a  spot  on  the  disk  wear  track  immediately  after  it  exits  tlii 
iilinp,  cnpf.-irt  .  thus  minimizing  changes  in  surface  composilioii  that  co'ild 
'ps-nr  i  r'l  1  r.-ins  f  r- r  r  i  ng  wear  specimens  from  a  tribometiM-  to  a  separate  Auger 
s-.-steiTi,  /\n  incidental  l)(-nefit  of  analyzing  a  moving  surface,  which  is 
.ppiicaljle  as  well  to  nont  r  i  ho  1  ogi  ca  1  studies,  is  that  prohlc-ms  of  elei.  ro- 
I'  ic  cfiarg.iiig,  an-  reduci-fl  by  pre-senting  an  ever  -  chang  i  ng  target 
i  p-  ■  i  df- n  I  e  1  o f  r  ron  h(-.'iin  . 
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X-ray  photoelectron  spectroscopy  (XPS)  differs  from  AES  in  that 
it  employs  monoenergetic  (usually  soft)  x-rays  to  excite  emission  of 
characteristic  photoelectrons  from  the  specimen  surface.  The  energies  of 
the  emitted  electron  are  characteristic  of  the  elements  present  and  their 
chemical  bond  states.  Compared  to  Auger,  XPS  gives  more  complete  and  more 
easily  interpreted  information  on  chemical  bond  states.  For  example,  sulfur 
can  be  identified  as  elemental  sulfur,  sulfide,  sulfate,  etc.  XPS  can  also 
be  combined  with  a  tribometer  in  a  vacuum  system. 

Figure  6-6  gives  the  XPS  spectra  for  silicon  carbide  in  vacuum  at  various 
temperatures  (Buckley  and  Miyoshi ,  1985).  The  ability  of  XPS  to  detect  bond 
states  enables  the  analyst  to  differentiate  carbon  as  amorphous  carbon, 
graphite,  or  carbide  from  the  binding  energies  of  the  carbon  peaks  in  the 
spectra.  In  this  example,  it  is  clear  chat  the  amorphous  carbon  initially 
present  disappears  with  increasing  temperature,  and  graphite  appears  at  the 
surface.  This  has  been  interpreted  to  mean  that  silicon  carbide  dissociates 
at  high  temperature  to  graphite  and  to  elemental  silicon,  which  sublimes 
a  wav . 

Ion  Beam  Analysis 

Ion  scattering  spectroscopy  (ISS)  and  secondary  ion  mass 
(SIMS)  utilize  analyses  by  mass  spectrometry,  in  contrast  to 
discussed  techniques  that  utilize  electron  spectroscopy.  An 
schematic  diagram  is  shown  in  Figure  6-7  (Ferrante,  1982). 

In  principle,  ISS  is  extremely  simple.  A  beam  of  ions  is  aimed  at  a 
surface  at  an  oblique  angle  and  the  scattered  ions  are  energy -analyzed  to 
give  the  mass  of  surface  ions  from  which  they  elastically  scattered.  The 
technique  is  surface-sensitive  and  gives  elemental  and  quantitative 
information . 

Ion  scattering  can  be  used  to  some  extent  as  a  channeling  technique  to 
probe  very  thin  films  in  depth  (Van  Loenen  et  al.,  1984)  Ions  scattered  from 
the  surface  will  have  a  slightly  different  energy  from  those  scattered  from 
the  film-substrate  interface.  The  energy  peaks  will  not  be  totally  resolved 
in  the  spectra  but  can  be  mathematically  resolved  into  their  component  peaks. 

SIMS  is  very  surface  -  sens itive  and  is  capable  of  analyzing  organic 
molecular  groupings  on  a  surface.  Research  results  have  been  reported 
(Campana  et  al . ,  1981),  for  example,  that  demonstrate  the  usefulness  of  this 
tool  for  adsorption  and  desorption  studies  of  organics  on  bearing  materials. 
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ctron  energy  loss  spectrometry  (EELS)  is  a  high- resolution 
-sensitive  analytical  tool  that  provides  information  about  the 
onal  motion  of  surface  atoms  and  molecules  under  ultrahigh-vacuum 
ons .  The  technique  literally  generates  infrared  spectra  of  the 
Figure  6-8  is  a  schematic  diagram  of  an  EELS  system.  A  mono- 
ic  beam  of  electrons  is  impinged  upon  the  sample  surface,  where  it 
ts  with  surface  atoms  and  molecules  to  excite  their  characteristic 
onal  motion.  In  so  doing,  the  incident  electrons  lose  energy  in  a 
quantitatively  related  to  the  characteristic  vibrations  of  the  surface 
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3  Friction  apparatus  with  Auger  electron  spectrometer  (Buckley, 
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to  800'’C  (Buckley  and  Miyoshi,  1985). 
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FIGURE  6-7  Outline  of  the  ISS/SIMS  surface  analyzing  system  (Ferrante, 
1982).  (Reprinted  by  permission  of  the  American  Society  of  Lubrication 
Engineers.  All  rights  reserved.) 
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FIGURE  6-8  Schematic  diagram  of  an  electron  energy  loss  experiment. 
Electrons  from  a  cathode  pass  through  a  monochromator  and  strike  the  sample, 
and  the  energy  spectrum  of  the  scattered  electrons  is  probed  by  a  second 
monochromator . 


species.  The  exciting  beam  therefore  contains  information  about  the  surface 
vibrational  states. 

An  elegant  example  of  an  EELS  experiment  was  reported  by  Waclawski 
■1982).  The  energy  loss  spectra  of  diamond  before  and  after  heating  to 
lOOO'C  in  ultrahigh  vacuum  are  shown.  The  "as -polished"  diamond  contain.s 
peaks  for  vibrational  modes  characteristic  of  the  hydrogen- to  -  carbon  bond, 
iiterally  hydrocarbon  (HC)  bonds.  After  heating  and  hydrogen  desorption,  th 
:i'  peaks  are  no  longer  present.  This  correlates  with  studies  reported  l)v 
Pepper  (1982)  concerning  the  effect  of  temperature  on  the  friction  of  coppe-r 
sliding  on  diamond.  Below  about  800°C  friction  was  low,  but  it  ro.se  sharplv 
it  higher  temperatures.  Pepper  was  able  to  relate  this  phenomenon  both 
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t  heoi'e  t  ical  1 V  and  experimental  Iv  to  changes  in  the  electron  surtac.  rt  ati-  ot 
the  diamond  caused  bv  thermal  desorption  of  hydrogen. 

EFl.S  is  ino.st  applicable  to  s’.irf.ice  studies  of  s  i  ng,!  e  -  c  r s  :  ,i  !  eendu'  •<.; 
lU’.d  se:r. ;  c  ondnc  t  o  r  s  .  However,  tht^  use  of  a  secondary  elect  ro:i  rnn  •  C)  ((}:;: 
cl'.arging  etfects  enables  one  to  also  study  insulating,  material.s  i  •' i  la-.c  :x  . 

'''•Sal  , 

HYDROGEN  DETECTION 

.-is  stated  in  Chapter  o .  hydration  phenomena  of  cerairics  .are  wid.,  :  e  ei 
and  important:  they  require  the  ability  to  detect  water,  til  r.iiiicil  .c:'; 
hydrogen  on  and  below  the  ceramic  surface. 

EELS  may  be  an  especially  valuable  analytic.il  tool  for  ceramic.s  bic.i  c.i 
of  its  ability  to  detect  hydrogen.  The  tribology  of  ceramic.s  i  .s  sivv,  i  •  i -.’i- 
to  the  presence  of  hydrogen  and  its  state  of  chemical  combinat  ion  on  tiie 
surface.  Other  techniques  with  some  potential  for  d  i  s  l  i  ngti  i  sh  i  ng  botwcii; 
atomic  hydrogen,  hydroxyl,  water,  and  hydrocarbon  specie.s  inrlud('  the 
following:  secondary  ion  mass  spectroscopy  (SIMS’)  with  a  reliable  means  of 

compensating  for  charge  effects;  emission  infrared  spec  t  ro.scopy :  and  Raman 
spectroscopy , 

The  tunneling  microscope  is  a  noncontact  method  of  surface  prof i 1 ome t rv . 
An  electron  emitter  with  a  typical  radius  of  100  to  10,000  A  is  brought 
close  to  a  conducting  surface  while  a  contact  current  is  passed  through  the 
emitter.  The  field  strength  is  related  to  the  emi 1 1 cr - to - sur f ace  spacing. 
The  emitter  is  swept  across  the  surface  by  two  piezoelectric  elements.  The 
emitter  is  mounted  on  a  third  piezoelectric  element  that  moves  the  emitter 
in  the  z-axis  during  the  sweep.  The  z-axis  movement  maintains  a  constant 
spacing  via  a  feedback  circuit  that  maintains  constant  current.  As  the 
emitter  rasters  the  surface,  an  xv  topographic  representation  of  the  surface 
is  recorded. 

Young  and  coworkers  (1972)  reported  a  degree  of  resolution  adequate  to 
provide  the  topographic  map  of  a  diffraction  grating  with  180  lines  per  mm 
spacing.  Currently,  resolution  is  sufficient  to  depict  individual  atoms  and 
their  arrangements  on  a  surface  (Becker  et  al.,  1985).  .Again,  this  method 
will  require  speci.il  tecfmiques,  if  applicable  at  all,  to  be  used  on 
i  T'.sti  1  a  t  i  ng  ce  ram  i  c  s  . 

COMPARl.SONS  OF  CHARACTERIZATION  TECHNIQUES 

.As  noted  earliei',  traditional  techniques  such  as  optical  microscopy  and 
:-;-!ay  diffraction  can  be  used  in  an  air  atmosphere,  whereas  the  electron  and 
ion  ))eam  rechniqnes  usually  require  a  vacuum  environment.  Charged  particle 
heam.s  produce  electrostatic  charges  on  the  surface  of  insulating  materials, 
such  as  most  ceramics.  Notwithstanding  the  problems  associated  with  clectrc' 
.in'!  ion  lieani  techniques  in  the  study  of  ceramics,  some  of  these  can  provide 
>x‘temelv  valuhle  information.  Rapid  progress  is  also  being  made 
it.  c  i  rrumv('nt  i  ng  some  of  the  inherent  problems,  such  as  electrical  charge 
tciilflup  on  sttec  i  mens  of  insulator  materials. 
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The  most  common  indispensable  electron  beam  method  is  scanning  electron 
microscopy  (SEM) .  The  problem  of  charge  build-up  is  easily  solved  by  coating 
insulator  specimens  with  a  thin  film  of  a  conducting  material  such  as  gra¬ 
phite  or  vapor - depos i ted  gold.  SEM  has  the  advantages  of  excellent  depth  of 
focus  (rough  surfaces  may  be  examined)  and  very  high  magnification  capa¬ 
bility.  SEM  requires  that  the  specimen  have  some  composition  or  topo¬ 
graphical  variation  on  the  specimen  surface  in  order  to  produce  a  sharp 
image  of  sufficient  contrast.  Therefore,  a  very  smooth  surface  of  uniform 
composition  will  produce  a  featureless  image  on  SEM.  SEM  also  requires  a 
vacuum  atmosphere  in  the  specimen  chamber.  Optical  microscopy  should 
therefore  be  used  as  a  complimentary  tool  to  SEM.  Often  surfaces  that  are 
featureless  on  SEM  show  very  good  contrast  on  an  optical  microscope. 
Conversely,  the  optical  microscope  requires  a  very  smooth  surface  and  is 
usually  unsatisfactory  except  at  low  magnification  on  the  relatively  rough 
surfaces  characteristic  of  wear  areas. 

Of  the  truly  surface  -  sensitive  analytical  tools  available,  probably  the 
most  useful  to  the  tribologist  are  Auger  electron  spectroscopy,  x-ray 
phoLoelectron  spectroscopy,  ion  scattering  spectroscopy,  and  secondary  ion 
mass  spectroscopy. 

.AES  is  capable  of  identifying  all  elements  except  hydrogen  and  helium. 

It  can  detect  surface  species  present  in  a  concentration  of  as  little  as 
1/100  of  a  monolayer.  It  can  provide  limited  information  on  the  state  of 
combination  of  surface  elements.  For  example,  it  can  differentiate  carbon 
present  as  CO,  amorphous  carbon,  or  graphite. 

XPS  is  more  powerful  than  AES  in  providing  information  on  molecular 
composition  (compound  identification).  This  technique  employs  a  mono¬ 
chromatic  x-ray  beam  for  excitation  of  surface  atOi’s  to  emit  photoelectrons 
of  characteristic  energies.  These  characteristic  energies  are  related  to  the 
binding  energies  of  the  surface  atoms  from  which,  in  turn,  the  nature  of 
sur‘ace  molecules  can  be  deduced.  Calibrations  can  be  done  from  theoretical 
considerations  or  directly  from  spectra  of  known  compounds.  In  comparing  AES 
and  XPS,  it  can  be  said  in  general  that  AES  has  better  surface  spatial 
resolutions  (much  smaller  target  spot  size)  and  can  provide  superior  fine 
detail,  while  XPS  averages  over  a  large  area  but  provides  more  molecular 
information.  Both  methods  can  be  coupled  with  sputtering  to  provide  depth 
profiling  capability. 

ISS  is  one  of  the  most  surf ace  -  sensitive  techniques,  has  relatively 
low  resolution,  especially  for  high  ion  mass  numbers,  and  results  can  be 
difficult  to  interpret.  However,  it  is  of  interest  because  of  its  extreme 
surface  sensitivity.  SIMS  differs  in  detail  from  ISS  in  that,  while 
scattering  of  a  primary  beam  by  a  surface  is  analyzed  in  ISS,  the  emission 
nt  secondary  ions  produced  by  a  primary  ion  beam  are  analyzed  in  SIMS. 

One  of  the  primary  limitations  of  the  truly  surface  -  sens i t ive  methods  is 
r-  latf'd  to  that  very  sensitivity:  the  analyses  must  be  performed  in  vacuum. 

Tlic  pre.sence  of  an  air  path  would  interfere  with  the  emitted  electrons  or 
ions  before  they  could  reach  the  detectors.)  However,  "post  facto"  studies 
of  wear  specimens  run  in  an  air  or  other  "dirty"  atmosphere  can  yield  much 
■'.seful  information.  Of  course,  the  analyst  must  consider  the  possibility 


triar  the  stirt'ace  analyzed  may  not  be  exactly  the  .same  composition  as  it  was 
in  situ.  Dynamic  analysis  in  situ  during  an  experiment  is  always  desirable 
''ut  not  always  practical. 

The  electrical  charging  of  insulators  such  as  most  ceramics  during 
analyses  by  electron  or  ion  beam  techniques  can  sometimes  be  circumvented 
by  adjusting  primary  beam  energies  and  angles  of  incidence  to  give  a  stable 
charge  on  the  surface.  This  charge  can  then  be  "stripped  out"  as  back¬ 
ground.  It  is  a  varving  charge,  that  is  difficult  to  deal  with.  In  the 
case  of  ion  beam  techniques,  the  surface  charge  can  be  positive  and  therefore 
neutralized  with  a  carefully  controlled  auxiliary  electron  beam. 

comparison  of  the  capabilities  of  m.any  surface  analytical  techniques  is 
given  in  Table  6-2. 


SrM>T\RY 

The  capabilities  among  existing  surface  analytical  tools  enable  the 
tribologist  to  study  much  of  the  chemical  and  physical  phenomena  that  occur 
during  the  friction  and  wear  process.  Much  can  be  learned  about  tribo- 
cheraical  effects  that  are  of  primary  importance  to  the  friction  and  wear 
processes.  The  best  experimental  approach  is  to  perform  the  analyses  during 
the  friction  process.  A  limitation  with  the  sensitive  electron  and  ion  beam 
techniques  is  that  dynamic  studies  of  this  sort  can  only  be  performed  in  a 
'.'acuum.  Pos  t  -  expe  r  iment  analyses  can  be  useful  but  can  also  be  misleading  if 
proper  consideration  is  not  given  to  the  possibility  of  changes  in  surface 
composition  when  the  specimen  is  transposed  from  the  friction  apparatus  to 
the  analytical  instrument.  Therefore,  there  is  a  trend  toward  unified 
designs  whereby  the  specimens  can  be  rapidly  transferred  from  the  tribometer 
to  the  analytical  chamber  without  removing  them  from  the  apparatus.  This 
does  not  eliminate  the  problem,  of  course,  but  it  certainly  minimizes  it. 

The  problem  of  electrostatic  charging  of  nonconducting  specimens 
subjected  to  electron  and  ion  beam  analytical  probes  was  discussed 
previously.  There  is  currently  a  strong  trend  among  surface  scientists 
CO  find  ways  to  deal  with  it.  Considerable  progress  has  been  made,  and 
analyses  that  were  considered  impossible  as  little  as  a  year  ago  can  now  be 
performed.  More  research  is  necessary  to  put  the  analyses  of  ceramics  by 
charged  beam  techniques  on  a  routine  basis. 

A  serious  limitation  is  the  difficulty  in  using  beam  techniques  to 
reveal  the  presence  of  hydrogen  and  hydroxyl  or  waLer  molecules  on  the 
surface.  Electron  energy  loss  spectroscopy  has  been  mentioned  as  one 
technique  for  hydrogen  detection.  Other  possibilities  are  optical  tech- 
nlqiies  .such  as  emission  infrared  spectroscopy  and  Raman  spectroscopy, 

.•Xat  i.c  ipated  future  trend.s  include  the  increasing  u.so  of  electron 
t  rif  rgv  loss  spectroscopy  and  possibly  ion  tunneling  techniques.  An 
i  a' cre.st  i  ng  pioneering  study  is  being  conducted  at  NASA's  Lewis  Research 
'■‘■iitfr  on  possible  uses  of  acou.stic  micro.scopy  in  tribological  studies. 


,  -  -X  -■s 


TABLE  6-2  Widely  Used  Techniques  for  Surface  Analysis 


Analysis  of 

Surface-  Coirmercially  Practical  Elemental 

Technique  Sensitive  Available  Systems  Analysis  Compound 


I.  Elemental  and  chemical  results  by  electron  levels 


Quantitative 


To  a  degree  To  a  degree 


APS 

Yes 

No 

Yes 

Yes 

No 

To  a  degree 

EM 

No 

Yes 

Yes 

Yes 

No 

Yes 

XF 

No 

Yes 

Yes 

Yes 

No 

Yes 

X?S 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

2.  Chemical 

and 

elemental  analysis 

by  mass 

ISS 

Yes 

Yes 

Yes 

Yes 

No 

To  a  degree 

RBS 

No 

Yes 

Yes 

Yes 

No 

Yes 

SIMS 

Yes 

Yes 

Yes 

Yes 

To  a  degree 

To  a  degree 

IMP 

No 

Yes 

Yes 

Yes 

No 

Yes 

3.  Elemental  analysis  by  vibrational  state 


4,  Structural  analysis, 

macroscopic 

features 

SEM  Yes 

Yes 

Yes 

Yes 

No 

No 

ELL  Yes 

Yes 

Yes 

No 

No 

No 

Structural  analysis, 

microscopic 

FXAFS  Yes 

No 

Yes 

No 

No 

No 

LEFT  Yes 

Yes 

No 

No 

No 

No 

I M  Yes 

Yes 

No 

Yes 

To  a  degree 

No 

(with  an 
atom  probe) 


Useful  analytical  techniques  are  in  place.  They  are  constantly  being 
improved,  but  new  ones  are  needed,  especially  for  the  analysis  of  hydrogen 
and  hydrogen  radicals. 


RECOMMENDATIONS 
Surface  Characterization 

The  following  recommendations  are  directed  toward  acquiring  new  knowledge 
of  analytical  systems  for  characterizing  ceramic  surfaces: 

■  Investigate  improved  methods  for  detecting  light  elements,  especially 
hydrogen  and  its  chemical  radicals  and  compounds  (e.g.,  hydroxyl,  water, 


•  Develop  techniques  for  in  situ  analyses  of  ceramic  wear  surfaces 
during  tribological  experiments. 

■  Investigate  techniques  that  do  not  require  a  vacuum  (e.g. ,  optical 
techniques  such  as  FTIR,  Raman,  etc.). 

■  Explore  methods  such  as  the  use  of  a  small  spot  ESCA  device  with  an 
atmosphere  working  chamber  connected  to  a  vacuum  analytical  chamber  via 
interconnect  locks  for  rapid  transfer  of  specimens  from  working  environments 
to  an  analytical  chamber  within  the  same  apparatus. 
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Chapter  7 


FR-ACTURE  PROCESSES  AKD  THE  WEAR  OF  CERAMIC  MATERIALS 


Wich  the  rapidly  increasing  use  of  ceramics  in  structural  applications, 
:-here  is  growing  interest  in  the  wear  behavior  of  these  materials.  In 
^articular,  erosive  and  abrasive  wear  may  be  limiting  factors  in  certain 
lesigns,  and  these  need  to  be  understood  quantitatively.  Generally,  when 
eramic  materials  contain  small  hard  particles,  as  in  erosion  and  abrasion, 
50th  elastic  and  plastic  behavior  are  observed.  Because  of  the  complexity  of 
;he  elastic -plastic  stress  fields,  there  are  as  yet  no  complete  analyses  of 
:he  processes  of  indenting  of  brittle  solids  by  static  or  sliding  abrasive 
^articles.  A  considerable  amount  of  experimental  and  approximate  analytical 
.'ork  has  been  done  in  this  field  for  the  past  half  century.  An  understanding 
)f  indenting  and  scratching  appears  to  be  a  necessary  first  step  in  studying 
.•ear  processes. 


EXPERIMENTAL  STUDIES  OF  INDENTATION 

Several  characteristic  crack  patterns  have  been  observed  to  form  when 
brittle  solids  are  loaded  by  spherical  or  sharp  indenters .  For  large  enough 
.spheres  the  initial  crack  appears  as  a  ring  around  the  contact  area.  With 
increasing  load  the  crack  propagates  downward  to  form  the  frustum  of  a  cone, 
and  additional  concentric  ring  cracks  may  appear.  Eventually  a  median  crack 
mav  occur  under  the  j  identer,  and  at  a  large  enough  load  the  material  inside 
the  initial  cone  crack  will  shatter.  Unloading  before  this  occurs  may  lead 
to  detachment  of  material.  As  the  size  of  the  spherical  indenter  is 
decreased,  the  average  stress  at  fracture  increases,  and  eventually  plastic 
flow  precedes  fracture.  For  sharp  indenters,  plastic  flow  occurs  upon 
lociding,  and  cone  cracks  are  generally  not  observed.  Above  a  critical 
'Indentation  size,  radial  or  (Palmquist)  cracks  are  observed  on  the  surface  at 
tlif'  corner.s  of  the  indenter.  Median  cracks  then  form  at  the  base  of  the 
nl,ir;tic  tone  and  merge  with  the  radial  cracks.  Other  cracks  originating  at 
■l.f-  i-ilastic  .'.one  and  propagating  almost  parallel  to  the  surface  are  often 
•'  •■f.'fd  dui'ing  lo.nding  but  in  other  cases  have  only  been  observed  during 
In  anv  event,  upon  unloading,  all  types  of  cracks  genei'allv 
c.  This  behavior  has  been  described  by  Evans  and  Wilshaw  n'L’b), 

.  c.kf  or'i  i 's’-:  1  1.  and  f.ankf'ord  and  Davidson  C1979a  and  b). 


THEORETICAL  STUDIES  OF  INDENTATION 


Theoretical  work  has  been  done  on  the  load  to  initiate  cracks,  often 
referred  to  as  the  threshold,  and  on  the  subsequent  crack  extension.  Mo.st 
analyses  deal  with  median  and  radial  cracks,  since  the  prediction  of  l.-teral 
cracking  presents  greater  difficulties. 

Initiation  Threshold 


it  appears  that,  after  certain  modifications,  the  spherical  cavity 
solution  might  be  a  suitable  approach  for  predicting  radial  crack  initiatioii 
whereas  for  median  cracks  the  nucleation  process  is  more  likely  to  be  the 
result  of  shear  deformation.  Based  on  these  clues,  an  approach  to  descrit;)i:- 
initi.Ttion  was  developed  by  Chiang  and  coworkers  (1982a).  The  spherical 
ciivity  solution  was  used  to  describe  the  indentation  stress  field,  btit  to 
include  the  free-surface  effect,  a  point-force  solution  was  superimposed  on 
the  spherical -cavity  solution.  Based  on  this  general  stress  field,  the 
stress  field  for  radial  cracks  was  represented  by  a  polynomial  in  terms  of  r 
the  distance  from  the  crack  center  (Chiang  et  al . ,  1982b).  The  relationship 
between  load,  crack  geometry,  and  material  properties  was  then  obtained  for 
radial  crack  initiation  under  the  Vickers  indenter  as 

PHVk^/  =  10[f  (5)  l" 

where  P  is  the  indentation  load,  H  is  the  hardness,  and  is  the  fracture 
toughness  of  the  indented  material.  The  function  f(5)  is 

f(5)  =  +  (2A^/3)S^  -t-  .  .  .  ] 

where  8  =  c/a;  a  is  the  radius  of  the  equivalent  hemispherical  indenta¬ 
tion;  and  Ajj ,  A^,  and  A^  are  parameters  that  depend  on  the  crack  system  being 
considered  and  the  relative  plastic  zone  size  /3  =  b/a,  where  b  is  the  radius 
of  the  hemispherical  plastic  zone.  The  theoretical  results  for  the  radial 
crack  threshold  load  from  this  equation  compare  reasonably  well  with 
experiments . 

For  median  cracks,  Chiang  and  co-workers  (1982b)  considered  that 
nucleation  was  caused  by  shear  deformations  in  the  plastically  deformed 
zone  under  the  indenter.  However,  because  of  the  difficulties  in  knowing 
the  location  and  the  dimension  of  the  shear  bands,  the  discussion  was  only 
qualitative.  It  was  found  that  the  thresitold  load  is  very  sensitive  to  the 
rat  io  of  T./Y  and  I /h ,  where  T  is  the  effective  shear  stress  acting  along  the 
nur  !  e,-,'- i  ng  .shear  planes.  Y  is  the  uniaxial  yield  stress,  1  is  the  length  of 
t hf-  slip  band,  and  b  is  the  radius  of  the  hemispherical  plastic  zone. 

i'rack  (u'oW  h 

For  cr-ick  p.i'owth.  work  has  been  done  on  median,  I’adial,  and  lateral 
cr.u-k.s  vind.-i'  fjoth  small  .spherical  indenters  and  Vicker.s  indenters  for  '.’ariou 
tra'erials  in  one  approach  'Evans  and  Wilshaw,  1  d /fi )  ,  (lie  derivation  w.a.s 
st.artfd  from  ‘he  .•|•..sumpt  ion  tliat  the  hovmdai'v  condit  i  oti  at  the  indenter 
ii:"' u'f.i''  is  a  cor'st.m!  pia-ssure  condition. 


Another  approach  for  small  spherical  indenters  was  developed  for  radial 
cracks  for  glass  (Swain  and  Hagan,  1976).  Here,  the  indentation  stress 
field  was  represented  by  a  superposition  of  the  Hertz  elastic  solution  and 
the  stresses  about  a  cylindrical  cavity.  With  this  stress  field,  fracture 
mechanics  was  applied,  with  the  assumption  that  "a  suitable  flaw  is  located 
at  about  the  elastic  plastic  boundary  and  that  this  flaw  quickly  grows  into  a 
fully  developed  crack..."  as  stated  by  Swain  and  Hagan. 

Despite  the  extensive  literature  on  crack  initiation  and  growth  under 
v'arious  types  of  indenters,  it  is  still  necessary  to  rely  on  experiment  to 
calibrate  the  different  models. 


SCRATCHING 


Experimental  Studies 


Experimentally,  work  has  been  done  on  observing  fracture  patterns, 
measuring  crack  growth,  and  observing  the  distribution  of  stresses  around 
scratching.  For  crack  patterns,  observations  were  reported  as  early  as  about 
half  a  century  ago.  With  a  sharp  conical  diamond  indenter  scratching  on 
glass,  two  types  of  cracks  were  observed  (Holland  and  Turner,  1937).  One 
type  extended  vertically  downward  under  the  scratching  tool  and  was  named  the 
"median  crack."  The  other  cracks,  which  extended  parallel  to  the  surface  of 
the  glass,  were  named  "lateral  cracks." 


In  addition  to  the  crack  patterns  on  glass  with  the  sharp  conical  diamond 
indenter,  the  observations  of  cracking  phenomena  in  scratching  have  also  been 
made  on  a  variety  of  materials  using  Vickers  indenters  (Swain,  1979) .  It  was 
found  that  the  crack  patterns  in  scratching  were  very  similar  to  the  ones  in 
quasi-static  pointed  indentation.  The  major  difference  was  that  the  cracks 
in  scratching  were  asymmetric  because  of  the  tangential  components  of  load, 
and  the  cracks  in  indentation  were  axisymmetric .  Again  a  quantitative 
relation  between  crack  size  and  load  has  to  rely  on  experimental  calibration. 


WEAR 

Ceramic  materials  that  are  normally  characterized  as  "brittle"  based 
on  bulk  mechanical  tests  show  a  size  effect  on  strength.  That  is,  as  smaller 
and  smaller  regions  are  tested,  the  rverage  stress  at  fracture  is  observed 
to  increase.  This  phenomenon  was  explored  and  treated  quantitatively  in  the 
pioneering  work  of  Weibull  (1939).  One  consequence  of  the  size  effect  in 
wear  studies  is  that,  as  a  surface  is  loaded  by  smaller  and  smaller  par¬ 
ticles.  it  will  eventually  exhibit  behavior  characteristics  of  a  ductile 
metal  rather  than  a  brittle  solid.  Presumably,  the  decreased  probability 
of  finding  strength- impairing  flaws  in  small  regions  results  in  an  elevation 
of  the  fracture  stress  above  the  value  required  for  plastic  flow.  The 
transition  from  "brittle"  to  "ductile"  is  observed  very  easily  in  erosion 
testing.  .Since  the  variation  in  weight  loss  due  to  erosion  as  a  function  of 
angle  of  impingement  is  quite  different  for  brittle  and  ductile  materials 
("Sheldon  and  Finnic,  1966a),  practically,  the  important  aspect  of  the 
transition  to  diictile  behavior  is  that  wear  rates  decrease  dramatically  as 


tills  ticinsition  occurs.  Presumably,  th<.  ceramic  material  is  behaving  as  a 
111  ic  t  i  1  e  metal  with  an  extremely  high  yield  stress.  Although  the  brittle- 
eiictile  transition  is  not  as  easily  demonstrated  in  abrasive  wear,  it  is 
:  o  ukI  to  take  place  with  a  similar  decrease  in  wear  rate  when  a  transition 
occurs  to  ductile  behavior.  For  this  reason  it  is  important  to  identify  and 
vii.riorstand  the  factors  that  lead  to  a  transition  to  ductile  behavior  in 
abrasive  and  erosive  wear. 

.Models  of  abrasive  and  erosive  wear  based  on  crack  formation  and  inter¬ 
action  at  and  near  a  surface  are  usually  based  on  the  interaction  of  an 
inJ.enter  with  a  smooth  semi  -  inf  inite  solid.  While  such  an  idealized  picture 
ir.av  iie  realistic  for  initial  impacts,  a  question  that  has  yet  to  be  answered 
is  now  well  this  model  represents  a  surface  that  has  been  roughened  by  prior 
wear.  Despite  this  limitation,  the  idealized  models  have  been  reasonably 
.successful  in  predicting  the  relative  influence  of  wear  variables  (particle 
size,  impact  velocity)  and  material  properties  (fracture  toughness  and 
i'.ardness)  .  However,  quantitative  prediction  of  wear  rates  from  first 
principles  is  still  an  unrealized  goal. 

The  earliest  models  of  erosion  and  abrasion  resulting  from  fracture 
induced  by  solid  particles  were  based  on  spherical  indenters  (Sheldon  and 
Finnie,  1966b;  Oh  and  Finnic,  1966;  Oh  et  al . ,  1972;  Vaidyanathan  and  Finnie , 
1972).  For  erosion,  the  predicted  variation  of  volume  removal  with  particle 
size  and  velocity  was  in  reasonable  agreement  with  experiment.  Also,  it  was 
possible  to  predict  the  variation  of  weight  loss  in  erosion  with  angle  (Oh, 
1970)  and  the  approximate  particle  size  at  which  a  transition  to  ductile 
behavior  would  be  observed  (Sheldon  and  Finnie,  1966a).  This  work  was 
based  on  the  stress  field  under  a  spherical  indenter  loaded  by  normal  and 
tangential  forces  and  the  Weibull  probabilistic  treatment  of  brittle  strength 
(Weibull.  1939). 

In  most  practical  applications,  erosive  and  abrasive  wear  is  due  to  sharp 
particles  rather  than  spheres.  Intensive  research  in  the  past  decade  has  led 
to  a  greatly  increased  understanding  of  the  fracture  patterns  that  occur 
under  sharp  indenters,  and  this  information  has  been  incorporated  into  wear 
analyses.  A  greatly  simplified  description  of  the  cracking  process  is  that 
initially  a  plastic  zone  forms  under  the  indenter.  Once  a  threshold  load 
has  been  exceeded,  which  is  a  function  of  indenter  geometry  and  materials 
properties,  a  median  crack  will  form.  Lateral  cracks  have  been  reported  to 
form  on  loading,  but  primarily  they  appear  to  be  produced  and  extended  by  the 
residual  stress  field,  which  arises  when  the  indenter  is  removed.  Models  of 
erosion  based  on  the  depth  and  radial  extent  of  the  lateral  cracks  have  been 
de'.’eloped  bv  several  workers  (Evans  and  Wilshaw,  1976,  1977;  Evans  et  al .  , 

■  ''6;  R'uff  and  Wiederhorn,  1979).  Table  7-1  summarizes  the  role  of  particle 

radius.  H;  impact  ve loci  tv.  V;  plane  strain  fracture  toughness,  and 

i  :  :r!..  rd  a ;  i  c,n  hardness.  H.  predicted  by  the  various  theories.  These  are  all 

•  <)  p.i  ;•  t  i  o  1  <■ -s  making  normal  impact  on  the  surface.  Somewhat  surpris- 
.’/iv,  in  view  of  tire  various  assumptions  involved,  the  prediction  of  the 
T  '  1',  do  nor  ’.-arv  greatlv.  Also,  agreement  with  experiment  is  reasonable  in 

■■  i  •  w  of  rhe  approximate  nature  of  the  models.  Experiments  (Sheldon  and 

■  inn.ii  ,  oT!  fi-.’c  brittle  .solids  eroded  by  silicon  carbide  particles 

n  v  r/idius  exponents  from  3./  to  9.1  and  velocity  exponents  from  2.65 

!  '  '.Sts  'diilden.  I't’M)  support  the  predicted  variation  of 


Vol  ~  H  Little  attention,  except  for  spherical  particles 

(Oh,  1970),  appears  to  have  been  given  to  erosion  at  impact  angles  other  than 
90° .  The  tangential  forces  that  arise  at  lower  angles  and  in  abrasion  will 
certainly  complicate  analytical  studies.  This  observation  is  supported  by 
the  fact  that  attempts  to  analyze  abrasive  wear  using  lateral  crack  models 
have  as  yet  not  been  as  successful  as  those  developed  for  erosion  by 
perpendicular  impact  (Evans  and  Marshall,  1982). 

Since  we  have  discussed  cracking  under  static  and  sliding  indenters , 
it  may  be  useful  to  review  how  these  studies  have  been  applied  to  wear 
prediction . 


TABLE  7-1  Predicted  Exponents  for  the  Erosion  of  Brittle  Solids 


Type  of  Response 


Elastic- 


Elastic— 


Elastic— 


Elastic-plastic 

(quasi-static) 

Elastic-plastic 

(dynamic) 

Elastic-plastic 


Note:  Vol  =  R  V  H  .  The  exponents  of  R  and  V  for  elastic 

response  are  calculated  for  m  =  5  and  15  (higher  values  correspond  to  m  = 

where  m  is  the  Weibull  parameter  describing  the  distribution  of  flaw  sizes 

-Sheldon  and  Finnic,  1966b 

—Oh  and  Finnie,  1966 

-Oh  et  al . ,  1972 

—Evans  and  Wilshaw,  1976 

-Evans  et  al . ,  1978;  Evans  and  Wilshaw,  1977 
-Ruff  and  Wiederhorn,  1979 


Ph'osive  Wear 


For  the  prediction  of  velocity  and  radius  exponents,  semi -empirical 
lelations  have  been  used  for  both  static  and  dynamic  conditions.  For  both 


low  and  high  indentation  velocities,  the  material  removal  rate  is  assumed 
to  be 


i 


W  ~  c^^h 

where  is  the  lateral  crack  length  and  h  is  the  lateral  crack  depth 
below  the  surface.  For  quasi-static  conditions,  Evans  and  Wilshaw  (1976) 
found  that 

c^  -  for  (c^/a)  >  2 


h  -  a 

where  a  is  the  radius  of  contact.  The  wear  rate  was  thus  obtained  as 
W  - 

Evans  and  Wilshaw  further  found  that  when  the  resulting  force  is  less  than 
10  times  the  threshold  load,  the  relation  between  indentation  load  P  and 
velocity  V  was 

p/R^G  =  4.6(pVVg)^^^ 

where  G  is  the  shear  modulus  of  the  indented  material  and  p  is  the 
density  of  the  indenting  particle.  Therefore,  the  wear  rate  for  N  indenting 
particles  was  taken  as 

For  material  indented  with  high  indenting  velocities,  it  was  found  that 
the  lateral  crack  length  was  proportional  to  the  radial  crack  size  (Evans  et 
al.  ,  1978) : 


-  ^r 


7(RV)^'”/Kjc°®® 


where  7  is  a  parameter  that  depends  weakly  on  the  density  of  the  indenter 
and  indented  material.  The  equation  for  lateral  crack  depth  was  derived  as 

h  ~  (R^Vp/H)^'^ 


The  wear  rate  was  thus 


Ruff  and  Weiderhorn  (1979)  obtained  a  different  relation  for  lateral 
crack  depth: 

h  -  (pR^vVh)^'® 

and  the  equation  for  wear  rate  was  obtained  as  follows; 


Abrasive  Wear 


To  predict  volume  removal  in  abrasive  wear,  several  approaches  have 
been  followed.  All  are  based  on  the  assumption  that  lateral  cracks  are 
responsible  for  material  removal.  Also,  it  was  generally  assumed  that  the 
volume  removal  for  each  indenting  particle  could  be  taken  as 

V.  -  2h.c.l. 

1  111 

where  1^  is  the  distance  of  motion,  h^  is  the  lateral  fracture  depth,  and 
c  is  the  lateral  crack  length. 

In  the  mid-1970s  Evans  and  Wilshaw  (1976)  obtained  a  relation  for  lateral 
crack  length  as 

Applying  this  relation  to  the  basic  model,  they  derived  an  equation  for 
material  removal  for  each  abrasive  particle  as  follows; 

11  11 


The  volume  removed  by  N  particles  is  then 


V  a  (1/K  )  2  P.  1. 

c  .  1  1  1 

1-1 

Shortly  after  that,  Swain  (1979)  derived  a  model  for  material  removal 
based  on  his  work  on  scratching.  From  his  lateral  crack  length  equation  he 
obtained  the  following  equations: 

V/1  a  j^i/2p3/2yj^2  ^  two-dimensional  model 


V/1  a  p7/6/j^2/3j^l/2 


for  a  three-dimensional  model 


where  the  two-dimensional  model  applies  for  cracks  occurring  at  the  side 
of  the  slider,  whereas  the  three-dimensional  model  applies  for  cracks 
occurring  ahead  of  the  slider.  Based  on  observations  of  Broese  van  Groenou 
(1975),  Swain  concluded  that  voids  and  pores  might  be  the  major  factors  in 
forming  lateral  cracks  ahead  of  the  abrasive  grain.  In  this  case  the  three- 
dimensional  model  should  apply,  Swain  further  pointed  out  that  in  his 
derivation  the  effect  of  the  lateral  crack  interactions  between  adjacent 
scratching  points  was  not  considered. 

In  the  early  1980s,  Evans  and  Marshall  (1982)  derived  an  equation  for 
volume  removal  by  applying  the  relations  for  lateral  crack  length  and  depth 
rhev  obtained  in  their  previous  work.  The  result  was  as  follows: 


[•S'ST 


The  authors  derived  an  expression  for  lateral  crack  length,  c^,  under 
sliding  contact  condition  and  found  that  it  was  very  close  to  the  one  for 
indentation.  Therefore,  they  stated  that  in  their  approach  "the  influence  of 
the  grinding  morphology  upon  crack  extension  is  considered  to  be  of  minor 
importance . " 


TRIBOLOGY 

Tribology  is  influenced  by  microstructural  defects  and  irregularities 
that  either  intersect  the  surface  or  that  are  near  enough  to  the  surface 
to  be  influenced  by  localized  surface  stresses.  Asperities,  surface 
microcracks,  and  surface  -  connected  porosity  are  all  of  concern. 

Surface  Asperities 

Surface  asperities  can  lead  to  wear  by  both  elastic  and  plastic  mechan¬ 
isms,  The  asperities  result  in  interface  contact  in  which  the  complete 
applied  load  is  supported  by  a  very  localized  area.  The  localized  stress 
can  be  high  enough  to  elastically  initiate  a  crack  at  a  pre-existing  micro¬ 
structure  discontinuity.  This  can  result  in  removal  of  the  asperity  or  in 
formation  of  a  crack  adjacent  to  the  asperity.  If  the  localized  contact 
stress  on  the  asperity  is  high  and  essentially  compressive,  the  asperity  can 
be  deformed  plastically.  This  leads  to  a  reduction  in  the  height  of  the 
asperity  by  a  smearing  action  and  is  usually  accompanied  by  a  very  local¬ 
ized,  short-duration,  high  -  temperature  transient  or  "flash."  The  plastic 
deformation  induces  residual  tensile  stresses  in  adjacent  material  that  can 
initiate  subsurface  cracks  (referred  to  as  lateral  cracks)  parallel  to  the 
surface,  leading  to  spalling  of  snaterial  after  the  contact  has  passed. 

This  type  of  mechanism  occurs  during  the  machining  of  ceramics  and  has 
been  documented  with  high-speed  photography  and  depth-of-cut  measurements 
(Schneider  and  Rice,  1972:  Hockey  and  Rice,  1979).  Asperities  also  can 
increase  the  coefficient  of  friction.  To  avoid  this,  ceramics  for 
tribological  applications  are  usually  prepared  by  diamond  grinding  and 
lapping  to  a  high  leyel  of  surface  finish. 

Surface  crack,s  in  ceramics  u.suallv  are  the  radial  and  median  cracks 
re.sul'ing  from  machining.  Lnmachined  (as-fired)  ceramics  do  not  haye  these 
‘.'t'U-)  of  Clacks  hut  gctifi.iliv  h.ivf  oxcc'ss  i  vt'  surface  roughness  due  to  pro- 
■rudit’.r  r.rains  ami  otiiei  .ispie  r  i  t  i  t  s  .  Because  of  these  asperities  and  the 
'  i '  u  !  '  V  of  aei  ie-.-inr.  :e'|u:ret!  d  i  mt-ns  i  ona  i  tolerances  during  fabrication. 

'1  •  t  r  iir’ii  fill  •  r  i  bo  1  or,  i  1 1  .ipplii-.i’  ions  gemr.illv  min.t  be  machined.  Tic 
■Cl:  :.ic.  .  lii'ks  ■  li  ,•  III  n. ;  III',  i-.iii  lie  minimi.'.ed  bv  .i  propel  sequence 

ric'  sill  ee  ,  til'. I  tough  ground  to  a  sliglitlv  oveisi.’.ed 

[i.en  1  -  lii.'.  of  t  i  I . ;  i;  ;  t;  '.rips,  e.ieli  suits  e  u  ue  n  t  I  v  witli  a  fi'c  : 


r  i  ml  I  ng 


s'.rit  sir.!?  ot  bonded  or  free  abrasive,  achieves  the  final  dimensions  and 
S' '.r face  finish.  The  kev  is  to  remove  the  grinding  damage  from  the  prior  step 
'[lefore  going  on  to  the  next  steps.  Achieving  a  smooth  surface  does  not 
.;s;;j,re  that  the  median  and  radial  cracks  from  the  rough  grinding  have  been 

Surface  cracks  interact  with  an  applied  stress  field.  A  compressive 
stress  closes  the  cracks,  whereas  a  tensile  stress  opens  them  and  places  a 
stress  concentration  at  their  tip.  The  stress  field  directly  under  a  contact 
Load  is  compressive.  However,  at  the  edge  of  the  load  is  a  steep  gradient 
t  rom  com.pressive  to  tensile  (Hertz  and  Agnew,  1881),  It  is  in  this  adjacent 
region  that  new  surface  cracks  can  form  and  existing  cracks  can  extend 
i,Roesler,  1956;  Archard,  1953). 

A  .ctatic  load  imposes  primarily  compressive  stresses.  This  closes 
pre-existing  cracks  and  impedes  them  from  propagating.  Tensile  stresses 
can  occur  adjacent  to  the  contact  load  and  at  asperities,  but  these  are 
generally  relatively  low.  However,  when  the  contact  surfaces  are  sliding 
relative  to  each  other,  very  high  tensile  stresses  can  occur  (Smith  and  Liu, 
1953;  Hamilton  and  Goodman,  1966).  This  is  illustrated  in  Figure  7-1. 

The  magnitude  of  the  tensile  stress  is  strongly  influenced  by  the 
coefficient  of  friction,  as  shown  in  Figure  7-2.  Gilroy  and  Hirst  (1969) 
have  approximated  that  the  peak  tensile  stress  increases  exponentially  to  the 
third  power  of  the  friction  coefficient 


37r(4  -Hi/) 
8(l-h2i') 


r  =  1  - 

s 


•vliere  Fvj  is  the  load  to  cause  Hertzian  damage  with  normal  loading  of  a 
spherical  indentor,  is  the  load  to  cause  surface  damage  with  a  sliding 
spherical  indentor,  i/  is  Poisson's  ratio  of  the  material,  and  f  is  the 
coefficient  of  friction. 

Using  the  Gilroy  and  Hirst  equation  plus  friction  data  from  the 
Literature  (f  0.5  for  reaction-bonded  Si,N  ■  f  =  0.3  for  sintered 
L'l  (Richerson  et  al . ,  1981),  one  can  calculate  that  is  approximately 
I’,-  1  1  *  for  reaction-bonded  silicon  nitride  and  Pjj/34  for  sintered  silicon 
u'L'idc  Tiie.sf  large  stress  concentrations  are  likely  to  cause  elastic 
uriacc  damagt'  and  wear.  Reducing  the  coefficient  of  friction  by  surface 
!  i'lishing  and  Ivibrication  will  substantially  reduce  the  surface  stresses. 


i  "  n  ' )  t 


■suits  confirm  the  .sensitivity  of  ceramics  to  the 
■  d.amage  rinsed  bv  sliding  contact  lo,ading.  For  e 
liron  nitride  te.st  iiars  were  exposed  to  stationarv 
i  ng  cont.irt  loading  with  and  without  a  .solid  luhri 
Ttu’  rout  art  geometry  was  the  same  in  each  case, 
uitari  exposi.tre.  the  test  bars  were  s  t  rengt  h  -  t  es  t  e 
t i t  li  the  prior  contact  region  positioned  in  the  te 
e  tin-  interior  load  pins.  If  no  contact  damage  w 
hi  'would  be  rrmparable  to  control  test  bars,  which 
,e  t  in.idii'C,  If  surf.ue  damiagi-  w,n;  pricsent  due  t 


xamp  1  e 


d  i  n 
ns  i  1  e 


contact  loading,  the  strength  would  be  lower  than  for  the  control  test  bars 
in  proportion  to  the  increased  surface  crack  size  produced  by  the  contact 


S  =  A 


where  S  is  the  strength  under  tensile  stress  loading,  A  is  a  geometric 
constant,  E  is  the  elastic  modulus,  7  is  the  fracture  surface  energy, 
and  a  is  the  flaw  size.  For  the  reaction  bonded  silicon  nitride  evaluated, 
the  control  strength  of  individual  test  bars  ranged  from  260  to  235  MPa.  No 
strength  reduction  occurred  for  static  loading  up  to  140  kg.  However,  for 
unlubricated  sliding  with  a  normal  load  of  only  10  kg,  large  enough  surface 
cracks  were  formed  to  reduce  the  strength  to  140  MPa.  Use  of  a  solid 
lubricant  that  reduced  the  coefficient  of  friction  from  0.5  to  0.2  resulted 
in  less  surface  damage  and  less  strength  decrease. 


RECOMMENDATIONS 

■  To  provide  a  basis  for  fundamental  understanding,  we  need  to  establish 
a  quantitative  equation  for  the  mechanical  wear  of  ceramics.  This  would 
include  (a)  a  theoretical  description  of  wear  by  microfracture  according  to 
fracture  mechanics  and  contact  stress  distributions,  (b)  a  determination  of 
the  relative  importance  of  toughness  and  hardness  in  wear,  (c)  establishment 
of  the  load  dependence  on  wear  in  elastic  contact  and  fracture,  and  (d)  a 
determination  of  the  role  of  microstructure  on  the  resistance  to  wear  by 
fracture . 

■  Additional  fundamental  understanding  also  needed  is  a  quantification 
of  the  microfracture  in  wear  as  a  function  of  material  characteristics  and 
contact  stress  conditions.  This  includes  (a)  effect  of  microstructure  on 
fracture  of  the  material,  (b)  relation  of  the  microstructure  to  the  scale  of 
Che  wear  process,  (c)  relation  of  the  scale  of  toughening  components  to  wear, 
and  (d)  stress  concentration  at  micropores. 
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CHAPTER  8 


ATOMIC- LEVEL  MODELING  OF  THE  CHEMICAL  AND 
TRIBOLOGICAL  PROPERTIES  OF  CERAMIC  SURFACES 


At  the  heart  of  such  technological  challenges  as  designing  the  next 
generation  of  high-performance  gas  turbines  is  the  critical  need  to  solve 
extremely  difficult  tribological  problems,  particularly  for  ceramic 
components.  To  progress  substantially  in  this  endeavor  it  is  essential  to 
establish  a  microscopic  atomic-level  understanding  of  the  fundamental  surface 
pro  3sses  ultimately  responsible  for  friction,  adhesion,  abrasion,  and  wear. 
Both  theory  (quantum  chemistry,  simulation)  and  experiment  (surface  chem¬ 
istry,  surface  physics)  are  essential  in  establishing  this  fundamental 
microscopic  atomic-level  understanding.  Chemistry  is  a  very  important 
aspect  of  tribology — i.e.,  making  and  breaking  of  chemical  bonds  (adhesion, 
oxidation,  chemical  dissolution,  movement  of  atoms,  dislocations,  slip 
planes).  Elucidation  of  the  chemistry  that  controls  tribology  should  lead 
to  completely  new  strategies  in  designing  tribological  systems  for  extreme 
enviroiiments . 


HIER/\RCHY  OF  MODELING 

A  hierarchy  of  modeling  mav  be  established  (see  Figure  8-1),  ranging  fi'om 
fundamental  quantum  theorv  (electrons  and  nuclei),  proceeding  then  to  atomic- 
le’.'el  m.olecular  dvnamics  and  Monte  Carlo  simulations,  and  progres.sing  tl'irovir.l: 
more  approximate  descriptions  involving  a  continuum.  This  .spectrum  allows 
consideration  of  larger  svstems  with  longer  time  scales,  albeit  with  a  los^i 
ot  f!,.-,iiled  atomic-  level  information  At  each  level,  the  precise  p.ir  ina  t',  - 
i  ■  cl'nlinr,  chemistf,-  and  t  he  rmochem  i  s  t  rv  i  of  the  deeper  U'.’cl  get  lumped.  ■ 

‘h.'se  of  the  next  .  Tlie  overlap  between  each  level  is  sed  to  e  s  t  a!  >  1  i  ,sh.  ti.^  . 
cc:  ce  iorts  This  hieiarchv  .a  1  lows  mo'  ion  tip  and  dowi;  .rs  tte-v  expu  i  i  iiHn '  .t  : 

‘raov.-  le.id.  -o  new  nn.d.erst  in.ding  of  r  lu'  liigher  le\-els  .and.  n.ew  i  d  ■ i  ' 
t.ew  inffirn'.it  ion  from  '  fie  1  ow.  r  le\-el.. 
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2 .  Use  the  energy  surfaces  for  clusters  from  step  1  to  develop 
tiieoretical  force  fields  that  allow  predictions  of  the  energies  and 
geometries  for  infinite  surfaces  and  interfaces. 

3.  Develop  procedures  for  molecular  dynamics  and  Monte  Carlo  simulations 
tb.at  in  conjunction  with  the  force  fields  from  step  2  could  be  used  to 
predict  the  rates  for  various  diffusive  and  chemical  processes  relevant  for 
tribology  and  for  materials  synthesis  processes. 

U.  Interface  the  results  of  these  simulations  onto  appropriate  graphics 
svstems,  allowing  the  designer  to  follow  a  three-dimensional  image  of  the 
evolving  system  while  interactively  changing  conditions  and  characteristics 
('f  the  systems. 

Through  simultaneous  examination  of  all  properties  of  the  surface 
I  I'hemical ,  tribological,  physical,  and  mechanical)  with  the  same  theory, 
there  is  the  possibility  for  definitive  tests  on  different  aspects  of  the 
theorv.  In  addition,  such  a  central  theory  would  provide  new  connections 
between  these  properties  that  would  serve  to  connect  what  are  now  dis¬ 
connected  experiments.  These  theoretical  developments  of  experimentally 
relevant  systems  should  provide  a  level  of  understanding  useful  in  designing 
new  materials,  and  such  computer-aided  materials  simulations  should  provide 
tools  allowing  many  of  the  design  concepts  to  be  tested  on  the  computer  in 
advance  of  attempting  difficult  syntheses  and  characterizations  in  the 
laboratory . 

Simulations  of  Ionic  Solids 


Over  the  past  decade  there  has  been  a  great  deal  of  progress  in 
iirnulating  ionic  solids  such  as  halides  and  oxides  (Catlow  and  Mackrodt, 
l'i32)  .  Thus,  in  a  variety  of  .systems,  it  has  been  possible  to  provide 
rather  accurate  predictions  of  the  energy  or  formation  of  such  point  defects 
IS  vacancies  (Mackrodt,  1984;  Catlow  et  al . ,  1979),  vacancy- interstitial 
pairs  (Mackrodt,  1984),  and  substitutional  impurities  (Mackrodt,  1984).  In 
addition,  it  has  been  possible  to  obtain  useful  estimates  of  band  gaps  and  of 
donor  and  acceptor  energies  for  various  defects  (Mackrodt,  1984). 

These  approaches  have  been  used  to  predict  rather  complicated  defect 
equilibria  (e.g.,  vacancy  clustering)  (Catlow  and  Stoneham,  1981)  and  have 
been  used  to  predict  diffusion  in  ternary  oxides  (Dieckmann,  1984)  and  the 
detailed  transport  properties  of  fast  ion  conductors  (Rahman,  1976;  Gillan, 
1983;  Vashishta  and  Rahman,  1978).  Even  heavily  doped  systems  have  been 
treated  (Catlow,  1984).  For  alkali  halides,  surface  reconstruction  (Tasker, 
1979;  Catlow  et  al.,  1977),  surface  energies  (Tasker,  1979),  and  point 
defects  on  surfaces  (Mackrodt  and  Stewart,  1977)  have  also  been  calculated 
^Tasker,  1979;  Catlow  et  al . ,  1977),  and  indeed  even  grain  boundary  pro¬ 
perties  have  been  predicted  (Wolf,  1984).  Critical  to  such  calculations  are 
the  potentials.  The  most  successful  seem  to  be  those  of  Catlow  and  coworkers 
1977)  in  which  empirical  two-body  potentials  are  fitted  to  experimental 
structure  and  elastic  constants,  and  a  simple  shell  model  of  the  atomic 
polarizabilities  is  fitted  to  the  dielectric  properties.  However,  use  of 
ipproxiraate  theoretical  ion- ion  potentials  (in  conjunction  with  a  shell  model 
for  polarizability)  was  also  reasonably  successful  (Mackrodt  and  Stewart, 

1  9  /  9  )  . 
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Despite  these  successes,  it  appears  that  a  totally  new  approach  will  be 
necessary  in  order  to  attack  the  problems  relevant  to  tribology  of  ceramics. 
The  use  of  empirical  two-body  potentials  implicitly  includes  the  effect  of 
three -body  and  higher  interactions,  which  makes  these  potentials  dependent 
upon  structure  being  considered.  Thus  the  F’-F’  potential  in  alkali- 
halides  (Catlow  et  al . ,  1977)  is  significantly  different  from  that  in 
CaF^  (Catlow  et  al . ,  1977).  This  leaves  completely  open  the  question 
of  what  to  use  at  surfaces,  grain  boundaries,  disordered  regions,  etc.  In 
addition,  for  many  systems  of  interest  there  will  be  insufficient  empirical 
data  to  determine  the  potentials.  Worse  yet,  many  of  the  systems  of  interest 
are  predominantly  covalent  (e.g.,  Si^N^,  WC)  and  hence  outside  the  province 
of  the  foregoing  methods.  However,  as  discussed  in  the  following,  we  believe 
that  purely  theoretical  methods  can  be  used  to  determine  all  potential 
parameters . 

Simulation  of  Covalent  Systems 

Quantum  chemistry  approaches  have,  over  the  past  decade,  led  to  a  number 
of  advances  in  the  understanding  of  surface  science  and  catalysis  (Goddard, 
1985)  .  These  studies  typically  involved  calculating  the  electronic  wave 
functions  for  a  molecule  as  a  function  of  nuclear  geometry  to  obtain  energy 
surfaces  for  ground  and  excited  states  and  then  examining  the  role  of  these 
energy  surfaces  for  various  reactions.  Such  quantum  chemical  studies  will  be 
important  as  the  first  step  in  examining  surface  configurations  for  various 
ceramic  surfaces;  however,  to  contribute  to  the  understanding  of  tribology  of 
ceramics,  it  will  be  necessary  to  develop  methods  for  simulating  the  reaction 
dynamics  on  realistic  models  of  these  ceramic  surfaces. 

For  the  important  materials  questions  relevant  for  ceramics,  we  must 
necessarily  consider  many  thousands  of  atoms,  and  we  must  examine  the 
dynamics  over  time  scales  appropriate  both  for  chemical  reactions  and  for 
diffusion.  That  is,  we  need  to  simulate  on  the  computer  the  microscopic 
chemical  and  diffusion  processes  in  the  real  system.  Such  simulations 
involve  the  following  aspects: 

1.  The  computer  uses  a  general  force  field  (describing  the  interactions 
of  all  particles  in  terms  of  two-,  three-,  and  four-body  forces)  to  evaluate 
the  forces  on  all  atoms  at  a  given  instant,  takes  the  appropriate  stochastic 
limits  for  nonessential  degrees  of  freedom  (describing,  for  example,  the  bulk 
atoms  comprising  the  energy  sink  or  source) ,  and  calculates  the  locations  and 
velocities  of  the  various  atoms  at  the  next  time  step  using  classical 
(generalized  Langevin)  equations  of  motion. 

2.  At  appropriate  time  steps,  a  corrected  set  of  coordinates  is  passed 
from  the  computer  to  the  graphics  system  (see  next  item).  The  screen  of  the 
graphics  svstem  is  continually  refreshed  with  the  current  coordinates  so  that 
the  user  "see.s"  the  reaction  as  it  proceeds  and  can  interactively  examine  the 
reactive  svstem  and  follow  the  dynamics  of  the  reaction. 

j.  Tile  graphics  system  (with  its  own  microprocessor  and  local  memory  -si' 
tliat  it  can  rotate,  translate,  zoom,  and  window  in  real  time)  can  display  t  lu- 
wliole  reactive  system  (up  to  10,000  atoms),  zoom  in  on  a  selected  portion  of 
tills  svstem,  and  rotate  and  translate  the  view  to  find  the  critical  regions. 
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This  graphics  system  automatically  cuts  away  extraneous  atoms  of  the  reactive 
system  and  automatically  lets  more  distant  atoms  fade  away  in  intensity 
(depth  cueing) .  It  can  show  the  system  in  three  dimensions  (using  stereo 
glasses  coordinated  with  alternating  left-right  images  on  the  screen)  so  that 
the  user  can  see  the  reactive  system  as  a  real  three-dimensional  image.  It 
automatically  color-codes  the  atoms  so  that  one  can  recognize  instantly  the 
composition  and  identity  of  the  various  species. 

4.  From  the  perspective  of  the  user,  he  is  watching  the  reaction  as  it 
proceeds.  He  can  then  interactively  modify  various  parts  of  the  system — 
surface  structure  (e.g.,  steps),  vapor  composition,  atom  identity,  velocity 
(temperature)  of  incoming  particles,  bulk  defects,  temperature  of  the 
surface,  etc. — and  follow  the  subsequent  dynamics  to  determine  the  impact 
of  these  changes  upon  various  processes. 

This  overall  procedure  is  referred  to  as  computer-assisted  materials 
simulation  (CAMS).  CAMS  involves  two  major  theoretical  components: 

1.  Theoretical  force  fields  (obtained  from  both  theory  and  experiment) 
that  accurately  describe  the  forces  on  various  atoms  and  molecules  inter¬ 
acting  at  surfaces  and  with  each  other. 

2 .  Theoretical  methods  to  handle  the  dynamics  of  chemical  processes 
within  solids  and  on  solid  surfaces,  including  making  and  breaking  of  bonds 
and  a  description  of  energy  dissipation. 


For  systems  with  covalent  bonds,  a  proper  description  of  reactions 
requires  the  explicit  treatment  of  how  bonding  changes  from  reactant  to 
product  with  the  proper  resonance  between  the  forms  in  the  transition  stage 
region.  This  may  require  a  generalization  of  usual  force  fields  where 
spin-pairing  is  optimized  for  the  electrons  involved  in  the  reacting  bonds. 
This  is  a  difficult  problem,  but  several  approaches  seem  feasible  and  should 
be  tested.  More  serious  difficulties  arise  in  metallic  systems,  where  the 
multitude  of  low-lying  electronic  states  and  delocalization  of  electrons 
conspire  to  make  reliable  force  fields  a  very  difficult  problem  indeed. 

Work  on  this  is  in  progress,  but  these  difficulties  must  be  solved  before 
progressing  on  metallic  systems.  For  ceramics,  however,  this  is  not  a 
serious  issue. 

This  theoretical  approach  to  force  fields  allows  one  to  consider  any 
possible  combination  of  atoms  (even  when  no  experimental  data  are  available) 
and  to  examine  regions  of  the  potential  surface  (e.g.,  saddle  points  for 
reactions)  not  readily  available  to  experiment.  It  also  avoids  a  serious 
problem,  the  interdependence  of  potential  parameters. 

An  additional  issue  concerns  the  dynamics.  Various  groups  have  developed 
efficient  classical  dynamics  programs  (Brooks  et  al.,  1984)  that  can  rapidly 
calculate  all  the  forces  and  update  all  coordinates  and  velocities — e.g., 
for  thermolysin  in  H^O  (3500  atoms)  it  takes  33  sec  on  a  VAX  minicomputer 
(Olafson  and  Goddard,  n.d.).  With  a  good  starting  point  (proper  folding 
configurations),  a  well-optimized  structure  for  a  protein  can  be  obtained  in 
600  steps  (5  hours  on  a  VAX).  Unfortunately,  such  calculations  are  practical 
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on  the  molecular  time  scale  (picoseconds),  whereas  many  solid-state  processes 
require  consideration  of  long  time  scales  (microseconds,  milliseconds,  or 
longer).  As  a  first  step  in  solving  this  problem,  several  groups  are 
developing  stochastic  classical  dynamics  programs  in  which  the  active  atoms 
I,  the  ones  undergoing  reaction)  are  followed  explicitly,  but  the  more  remote 
atoms  are  transformed  away  while  retaining  their  role  as  a  heat  sink  (Doll, 
1978:  Garrison  et  al.,  1977;  Tully,  1980  and  1981;  Redondo  et  al . ,  1982  and 
1984;  Zeiri  et  al . ,  1984).  These  programs  are  currently  being  used  to 
examine  scattering  (and  energy  transfer)  of  gas  phase  molecules  on  surfaces. 
Tiie  challenge  for  materials  problems  is  to  move  the  theory  toward  the 
diffusion  time  scale  (Voter  and  Doll,  1985).  This  will  require  major  new 
innovations,  perhaps  involving  a  combination  of  Monte  Carlo  simulation, 
molecular  dynamics,  and  Langevin  equations. 

As  should  be  apparent,  there  are  enormous  theoretical  difficulties 
in  developing  the  force  fields  and  dynamics  methodology  suitable  for  the 
critical  materials  problems.  However,  there  are  also  enormous  payoffs  in 
terms  of  the  potential  for  a  new  level  of  microscopic  understanding  of 
materials  processes — an  understanding  that  should  promote  the  development 
of  new  materials  processes  designed  to  achieve  a  desired  microscopic 
structure  that  was  pretested  by  computer  simulation  (Goddard,  1985) . 


STANDARD  SYSTEMS  FOR  TRIBOLOGY 

For  studies  of  friction  and  wear,  one  could  simulate  moving  contacts 
between  surfaces  by  modeling  each  surface  using  the  foregoing  techniques, 
applying  perpendicular  forces  of  various  magnitudes,  and  displacing  the 
surfaces  with  various  velocities.  This  should  allow  one  to  calculate  first 
principles  friction  coefficients  and  to  examine  gouging  and  the  role  of 
defects  induced  under  various  conditions.  These  developments  should  provide 
a  level  of  understanding  useful  in  designing  new  materials  and  should  provide 
tools  allowing  materials  scientists  to  test  many  of  the  design  concepts  using 
computer  graphics  and  the  theoretical  models  to  simulate  the  properties  of 
the  newly  designed  systems.  In  this  way  the  designer  should  be  able  to 
refine  many  of  the  ideas  in  advance  of  attempting  difficult  syntheses  and 
characterizations  in  the  laboratory. 

To  make  progress  on  the  fundamentals,  it  is  important  to  choose  several 
standard  systems  on  which  various  experimental  and  theoretical  methods  will 
be  applied.  In  choosing  these  systems,  the  following  aspects  are  important; 

1.  Experiment- -Use  single  crystals  prepared  under  well-defined  condi¬ 
tions.  Modify  surfaces  under  well-controlled  conditions  [cleave,  expose  to 
plasmas  (H^,  0^ ,  F^ ,  N^) ]  .  Measure  friction  coefficients  under  well-defined 
conditions.  Measure  wear  under  well-defined  conditions.  Reproducibility  in 
different  laboratories  is  essential. 


2.  Theory- -Use  quantum  theory  and  molecular  simulation  techniques 
to  model  the  same  systems  as  studied  experimentally.  Predict  surface 
structure.  Predict  adhesion  of  various  adsorbates  and  lubricants  to 
.surfaces.  Simulate  friction  and  wear  experiments. 


Material 


Experimental  Condition 


Diamond 


Graphite 


bN 

LiF 


CaF-  and  BaF_ 
2  2 


^-2°3 


CoO 

(^03 

ClIQ).  (100) 


MoS 


2 


SiC 


Si(lll) 


Amorphous  Si:  (no  grains) 


CVD  513^^ 


.Vi  (100) 


Effects  of  doping 


High- temperature  lubricants 


a.  Hydrogen-saturated  surface 

b.  Fluorine-saturated  surface 

a.  Without  HO  or  absorbed  gases 

b.  With  carefully  controlled  amounts  of  rare 
gases  (Ar,  Xe) 

c.  With  carefully  controlled  amounts  of  H^O 
(Oxidatively  stable) 

(Experiments  easier  because  do  not  need  UHV 
conditions ) 

(Useful  high-temperature  lubricants  for 
ceramics ) 

(Advantage;  IR  transparent  for  real  friction 
experiments— e  .g  .  .  W.  Winer) 


(Basal  plane) 


(Easy  to  clean;  reconstruction  not  a  major 
problem) 

a.  Orientation  upon  binding  to  various  clean 
metal  surfaces  (  |  versus  ||  to  surface) 

b.  Effect  of  adsorbed  over layers  on  surface 
(H.  0.  S) 

a.  Single  crystals 

b.  CVD  prepared 

c.  Controlled  dry  oxidation  (0_,  N-0)  and  wet 
oxidation  (H2O) 

(Allows  very  pure,  very  large  single  crystals) 

a.  Freshly  cleaved 

b.  Saturated  with  hydrogen 

c.  Controlled  dry  oxidation  (0  ,  NO)  and  wet 
oxidation  (H^O) 

a.  Saturation  with  H 

b.  Saturation  with  F 

c.  Controlled  dry  oxidation  (0.,  N-0)  and  wet 
oxidation 

a.  As  grown  (oxide  surface  layer) 

b.  Oxide  removed  and  replaced  with  H  or  F 

c.  wet-  and  dry-oxidized 

(Well-studied  both  by  experiment  and  theory) 

a.  Clean 

b.  Sulfur  covered 

c .  Oxygen  covered 

Particularly  relevant  for  ceramics  is  the  effect  of 
doping  (of  ceramic  or  of  lubricant)  on  adhesion  of 
lubricant  to  surface 


Worthy  of  study  would  be  high-temperature  oxide 
glasses  that  would  be  good  lubricants  at  high 
temperatures  (e.g.,  based  on  B2O3.  AI2O3, 
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Only  when  these  measurements  have  been  made  and  theoretical  models 
revised  accordingly  will  prediction  of  friction  or  wear  rates  become 
feasible.  Since  the  phenomena  are  so  complex,  predictions  will  always  be 
approximations . 

Some  standard  material  systems,  to  be  tested  on  like  materials  and  with 
others  listed,  are  described  in  Table  8-1. 


RECOMMENDATIONS 

To  establish  a  basis  for  atomic- level  simulation  of  the  fundamental 
surface  processes  responsible  for  friction,  adhesion,  wear,  and  abrasion, 
the  following  is  recommended: 

■  A  major  thrust  is  needed  in  the  development  of  theoretical  methods 
relevant  to  tribology  and  ceramics.  This  would  involve  quantum  chemistry 
studies  of  the  fundamental  forces  in  model  systems,  development  of  force 
fields  suitable  for  atomic-level  simulations,  and  simulations  of  realistic 
models  and  tribological  systems. 

■  Focus  fundamental  studies  (both  theoretical  and  experimental)  on  a 
series  of  standard  systems  that  will  serve  as  benchmarks  for  comparison 
between  theory  and  experiment  and  between  the  work  of  different 
laboratories . 
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Chapter  9 


THERMOCHEMICAL  ASPECTS  OF  THE  TRIBOLOGY  OF  CERAMICS 


Today  there  are  essentially  no  theoretical  guidelines  for  selecting 
.teramic  materials  for  tribological  applications.  Given  the  large  number 
of  candidate  ceramic  materials  and  coatings  that  may  be  employed  and  the 
'.vide  compositional  ranges  over  which  many  of  these  materials  may  exist,  it 
is  extremely  unlikely  that  ceramic  sliding  systems  will  be  optimized 
through  exhaustive  testing.  Therefore,  a  high  priority  must  be  placed  on 
the  development  of  predictive  models  that  can  estimate  the  performance  of 
ceramic  tribo-systems  from  basic  properties  of  materials  that  are  widely 
available  or  that  can  be  measured. 

There  is  a  general  agreement  that  all  frictional  and  wear  processes 
can  be  accounted  for  on  the  most  basic  level  in  terms  of  the  interactions 
between  the  surface  atoms  of  the  contacting  surfaces.  Friction  may  be 
interpreted  as  the  surface  traction  that  results  from  the  interatomic 
.ittraction  at  the  interface. 

In  the  case  of  unlubricated  sliding  of  ceramics  in  a  nonreactive 
environment,  the  surface  tractions  can  be  interpreted  in  terms  of  the 
interatomic  attractions  at  the  interface  between  the  counterface  materials 
themselves.  While  such  an  analysis  provides  a  useful  starting  point  in 
developing  methodologies  for  predicting  the  sliding  behavior  of  ceramic 
svstems,  most  practical  ceramic  components  must  operate  under  more  complex 
conditions.  However,  the  primary  complication  in  analyzing  practical 
ceramic  systems  is  the  identification  of  the  species  which  are  present  at 
•;he  interface.  If  these  are  known,  the  same  basic  considerations  that  are 
discu.ssed  herein  should  apply. 

In  particular,  when  new  phases  are  formed  at  the  interface  by  chemical 
reaction  with  species  in  the  sliding  environment  or  by  chemical  reaction 
virh  species  in  the  sliding  environment  or  by  chemical  reactions  between 
the  counterface  materials,  the  interatomic  attractions  of  interest  are 
‘iiose  between  the  phases  that  are  actually  present  at  the  sliding  inter- 
dice,  Wlien  solid  lubricant  films  are  introduced  at  the  interface,  the 
interfacial  tractions  may  be  limited  either  by  the  shear  strength  of  the 
;  i  Im  It.self,  In  which  case  the  interatomic  bonding  in  the  solid  lubricant 
•  'introl.s  the  surface  traction,  or  by  the  strength  of  the  bonding  between 
■  i;e  solid  lubricant  film  and  the  opposing  sliding  surface. 


a 
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The  resulcing  surface  stresses  may  exceed  the  st  rength  cii  (in.e  ur  hu’ *’ 
the  contacting  surfaces  and  result  in  the  formation  of  wear  part  ielts  :h! 
localized  deformation,  fatigue,  and  fracture  of  the  parent  mat  aria! s  or  ■ 
surface  films.  There  is  a  general  correlation  between  the  friot  ira'.  *  ; 
cient  and  tlie  wear  rate  resulting  from  discrete  particle  iormation.  and 
therefore  a  quantitative  and  predictive  model  for  the  friction  coeffirit: 
would  be  useful  in  the  design  of  sliding  systems. 

The  frictional  force  also  results  in  an  energy  input  to  the  inteifac. 
!n  the  case  of  sliding  under  conditions  of  high  speed  and  h.igh  load  tas  i 
normally  the  case,  for  instance,  in  the  machining  of  metals  with  ceramii- 
tools'),  the  temperature  rise  at  the  interface  can  become  s  i  gn  i  f  i  c,inr  .  I: 
tills  cast‘,  the  mutual  chemical  solubilities  of  the  sliding  couple  ma-.-  a 
significant,  and  wear  mav  occur  primarily  by  dissolution  on  tlu-  atomic  •;/ 


For  ceramic  components  in  high- temperature  machinery,  the  average  -t: 
levels  are  usually  much  lower  than  those  in  machining.  However,  the  an;l.<i 
t  eitpe  ra  ture  s  and  expected  lives  of  these  components  are  significantly  .hi; 
'■••Tiile  the  ceramic  components  in  the  hot  zones  of  current  adiabatic  t‘ngi:,i 
have  relati\’elv  short  lives  and  are  probably  limited  bv  mechanically 
activ.ited  wear  processes,  wear  resulting  from  interdiffusion  mav  he  ap¬ 
preciable  over  the  service  life  of  a  practical  ceramic  part.  Since  the 
cli-'m !  c .1 1  wear  forms  an  effective  lower  bound  for  the  achievable  wear 
in  1  svstem  of  a  given  composition,  it  is  desirable  to  develop  a  qu;in;i;,. 
t.muiel  that  can  be  used  for  design  and  selection  purposes. 


KFiSTINh  MODRI.S 

In  .spite  of  the  consensus  concerning  the  relationship  between  the 
•riction  and  wear  of  sliding  surfaces  and  the  atomic  and/or  mo  I  ecu  1  ai'  pi'o 
pt'oT  ies  of  the  contacting  materials,  the  quantitative  modeling  of  frier  in 
emd  wear  in  terms  of  basic  physical  properties  is  in  its  infancy,  witli  fc 
.ivailnhle  models  that  are  useful  in  the  design  of  sliding  systems.  Th  i 
is  because  of  the  difficulty  of  characterizing  the  surface  properties  of 
materials  in  terms  of  physical  properties  that  are  easily  measured  and 
readily  available  to  the  designer.  The  following  sections  survey  the 
current  understanding  of  the  chemical  basis  of  the  frictional  and  we.ir 
behavior  of  sliding  systems  for  metal-metal,  metal -ceramic ,  arid 
cer.ami  c  -cercitii  c  couples  . 

Mo  •  a  1  -  Me ‘ a  1  S 1 i d i ng  Systems 

sui'vpv  of  the  state  of  current  understanding  of  tin  e  f  i  t  c  •  ot  •;;( 
t  horir.oc  licmi  cal  proper’  ie.s  of  a  sliding  pair  on  its  wear  tmc.!  st.i;-:  wi:!.  • 

'■■'.'iies  nt  i  nowi  cz  (  1  9 ’1  )  on  the  sliding  weai’  of  metal.s.  1/ di  i  ■  < .  w/- ;■ 

.‘n/.it-d  vlu-  Ijinar-;  phase  diagrams  of  the  metal.s  and  (ie\'e  !  o]).  <  I  c ;  :  •  .  ;  ■ 
gi'onping  the  oompa  t  i  i)  i  1  i  t  i  e  s  of  sliding  couples  in  teni":  of  'l.,  !■  • 
solubilities  of  the  metals  comprising  the  sliding  pa  i  ;*  fn  ;  fu  l/.y.uu 
solid  states;,  as  shown  in  Figure  9-1. 

Those  metals  tl;at  dis[)la',’  broad  miscibilitv  gaps  in  ’In-  liquid 
presumed  to  interact  weakly  during  sliding  and  g.enei'allv  show  i  ow  w.  a; 
iMtes,  Tile  next  cattgtn'v  sliow.s  sf>mewhat  greater  inte'raciion  l.iow,  <r:  ‘i,. 


"e.  •  .  • .  yv  FV V'o.  •'.  '  . >  .  - .  •e, • . . . 


'.V  Mo  Cr  Co  Nl  Fe  Nb  Pt  Zr  Tl  Cu  Au  Ag  Al  2n  Mg  Cd  5n  Pb 
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P'lGURK  9- I.  Rablnowicz's  compatibility  chart  for  various  metal  combinations 
derived  from  binary  diagrams  of  the  respective  elements  in  terms  of  preferred 
antifriction  surfaces:  ^  two  liquid  phases,  solid  solution  less  than  0.1 

percent  soluinlitv  (lowest  adhesion);  ^  two  liquid  phases,  solid  solution 
greaK'r  than  0.1  percent,  or  one  liquid  phase,  solid  solution  less  than  0.1 
percent  solubilitv  (next  lowest  adhesion);  Q  one  liquid  phase,  solid 
so’urion  between  0.1  percent  and  1  percent  solubility  (higher  adhesion);  o 
'C'.e  liquid  phase,  solid  solution  over  1  percent  (higher  adhesion).  Blank 
’’cxc.s  indicate  insufficient  information.  Reprinted  by  permission  of  the 
e  r  i  c  an  Society  of  Lubrication  Engineers. 


;  ■  i!  i  .nn!  inrlude.s  those  tliat  are  miscible  in  the  liquid  state  but  show 

solid  .solubilitv  in  either  solid  solution  phase  of  0.1  atomic 
C'  <01.:  .  Relat  ively  wor.sc'  wear  behav'ior  is  encountered  in  those  metals  for 
.•.'Licli  'he  solid  solubility  of  the  more  soluble  element  is  in  the  range  from 
0  1  to  1.0  atomic  percent.  The  last  category  displays  the  most  .severe  wear 
lid.  includes  those  metals  ior  which  the  solid  solubility  is  in  tlio  range 
1  (1  atfimic  lu-rcent  . 


While  the  compatibility  table  is  a  very  useful  design  tool,  it  is  not 
a  physically  based  model,  and  there  are  certain  adjustments  that  must  be 
inade .  Even  in  the  case  of  pure  metals,  the  interpretation  of  the  phase 
diagrams  is  complicated  by  the  formation  of  ordered  metallic  compounds  that 
occurs  in  binary  alloys  in  which  the  affinity  between  the  alloyed  elements 
is  strong.  Buckley  (1980)  has  pointed  out  that  the  gold-silicon  and  gold- 
germanium  systems,  among  others,  exhibit  negligible  solid  solubility  but  .show 
relatively  high  wear  rates.  Rabinowicz  developed  guidelines  to  determine  the 
compatibility  of  those  elements  that  form  intermetallic  phases  in  preference 
to  the  formation  of  extensive  solid  solutions,  and  these  have  been 
incorporated  into  his  compatibility  chart. 

It  would  be  preferable  to  construct  a  model  that  does  not  depend  on  the 
experimental  determination  of  a  phase  diagram  for  each  sliding  pair.  This 
is  particularly  true  in  the  case  of  ceramic-ceramic  or  metal-ceramic  systems, 
where  many  components  and  phases  may  be  present.  However,  the  compatibility 
concept  has  been  of  considerable  practical  use  in  the  design  of  sliding 
systems.  In  spite  of  the  difficulties  in  interpreting  ceramic  phase  dia¬ 
grams.  it  might  be  very  useful  to  conduct  a  careful  and  systematic  study 
of  existing  phase  diagrams  to  see  if  a  set  of  criteria  similar  to  the 
compatibility  criteria  for  metallic  elements  could  be  developed. 

Metal -Ceramic  Sliding  Systems 


Clearly,  the  compatibility  defined  by  Rabinowicz  is  a  measure  of  the 
chemical  affinity  of  the  two  sliding  surfaces.  There  are  more  quantitative 
measures  of  chemical  affinity  that  may  be  used  to  predict  the  performance 
of  wear  components.  In  the  case  of  metal-metal  systems,  the  enthalpy  of 
solution  of  the  sliding  pair  is  an  accurate  measure  of  the  chemical  affinity 
that  might  be  correlated  with  wear  performance. 


For  metal -ceramic  systems,  Miyoshi  and  Buckley  (1982)  show  the  dependence 
of  the  coefficient  of  friction  of  transition  metals  in  sliding  against  sil¬ 
icon  carbide  as  a  function  of  the  d-bond  character  of  the  metal  as  defined  bv 
the  Pauling  resonating- valence-bond  theory  of  metals  (Figure  9-2).  Although 
the  d-bond  character  seems  to  be  a  useful  measure  for  determining  the  degree 
of  interaction  of  metals,  it  is  a  difficult  quantity  to  measure  with 
certainty,  and  the  applicability  of  the  Pauling  theory  to  ceramics  with 
predominately  ionic  or  covalent  bonding  is  not  obvious. 


Buckley  and  Miyoshi  (1984)  have  also  correlated  the  coefficient  of 
friction  of  Ni-Zn  and  Mn-Zn  ferrite  materials  against  various  metals  as  a 
function  of  the  free  energy  of  formation  of  the  most  stable  oxide  oi  the 
n'.'.al  per  gram  atom  of  oxygen  (Figure  9-3).  This  is  a  more  precise  mea,s':r> 
nf  ‘lie  dc-gree  of  chemical  interaction  between  the  metal  and  ceramic.  How¬ 
ever.  this  meastire  ignores  the  contribution  of  the  free  energy  balance  h;-; 
t'.irtl'.er  di-s:or'ful  because  of  the  differing  stoichiometries  of  the  difii  rti.t 
oxides. 


A  more  precise  chemical  thermodynam.i  c  measure  of  the  degree  C'f  inter 
action  may  be  obtained  by  writing  a  complete  and  balanced  dis.solution 
reaction  for  a  metal -ceramic  sliding  pair.  In  this  case,  the  extent  of 
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0^  *  tho  lelativo  partial  molar  excess  tree  energy  of  dissolution 

of  component  A  of  the  ceramic  in  the  metal 

^  =*  the  relative  partial  molar  excess  free  energy  of  dittsolution 

of  t'omponent  B  of  the  ceramic  in  the  metal 

R  “  the  perfect  gas  constant 

r  =  the  absolute  temperature 

The  predicted  wear  rates  of  various  ceramic  materials  in  the  machining 
of  s:<L‘el  at  1300  K  are  sliown  in  Table  9-1.  The  low  wear  rates  predicted  for 
th.e  oxides  are  not  realized  in  practice  because,  as  a  result  of  the  extreme 
ci'icmical  stability  of  the  oxides,  mechanical  wear  mechanisms  predominate  at 
all  practical  temperatures  (Huet  and  Kramer,  1982). 

In  sliding  wear,  the  effect  of  temperature  is  more  modest  than  in 
machining,  and  the  influence  of  chemical  affinity  is  felt  indirectly,  in 
terms  of  increased  tractions  between  the  counterface  materials.  Therefore, 
a  theoretical  model  that  yields  the  adhesion  at  the  interface  is  required. 
Ferrante  and  Smith  (1979,  1981)  have  attempted  quantum  mechanical  calcula¬ 
tions  of  the  adhesion  between  metallic  materials  with  some  success,  and 
Johnson  and  Pepper  (1982)  have  employed  quantum  mechanical  calculations  to 
estim.ate  the  strength  of  metal-sapphire  bonding.  However,  these  calculations 
are  quite  difficult  and  Involve  many  parameters  that  are  not  available  for 
all  common  engineering  materials. 

The  previously  cited  results  of  Miyoshi  and  Buckley  strongly  suggest 
that  the  degree  of  sliding  wear  in  metal -ceramic  systems  can  be  correlated 
with  the  chemical  affinity  of  the  surfaces,  as  measured  by  the  tendency 
toward  reaction  of  the  two  phases.  It  would,  therefore,  be  highly  desirable 
to  attempt  to  develop  a  theory  of  the  sliding  wear  of  metal-ceramic  systems 
that  is  based  on  a  more  rigorous  measure  of  the  degree  of  chemical  inter¬ 
action  than  that  which  Miyoshi  and  Buckley  used,  perhaps  an  argument  akin  to 
that  of  Kramer  and  based  on  the  chemical  solubility  of  the  ceramic  in  the 
metal,  as  defined  by  equilibrium  theromodynamics . 

Ceramic -Ceramic  Sliding  Systems 

The  extension  to  ceramic-ceramic  systems,  although  more  difficult  because 
of  the  difficulty  in  identifying  the  actual  reactions  that  take  place,  should 
also  be  feasible.  In  this  case,  the  free  energy  of  reaction  of  the  most 
favorable  reaction  for  the  ceramic  components  may  be  taken  as  a  measure  of 
the  chemical  affinity. 

The  ultimate  extension  of  such  an  analysis  would  re.sult  in  a  generalized 
theory  of  adhesion  based  on  thermodynamic  property  data.  Such  a  theory  would 
be  useful  in  the  design  of  highly  adherent  ceramic  coatings  (including  solid 
lubricant  layers  as  well  as  wear- resistant  coatings),  metallic  binders  for 
me tal - cerami c  composite  materials,  and  braze  alloys  for  metal  -  ceramic  and 
c:  e  ram  i  c  -  ceramic  bonding. 


TABLE  9-1  Predicted  Relative  Solution  Wear  Rates  of  Potential 
Steel -Cutting  Materials  at  1300  K 


Potential  Tool 
Material 

Predicted  Relative  Solution 
Wear  Rate,  (HfC)  -  1 

Estimated  Time  for 
25  pm  of  Wear 

ZrO, 

0.0000367 

26  months 

Al.O, 

0.00124 

23  days 

Ti^O; 

0.00245 

12  " 

TiO,' 

0.00313 

9.1  " 

TiO" 

0.0333 

21  hours 

HfN 

0.680 

60  minutes 

HfC 

1 

41 

ZrN 

1.56 

26 

TiC  25 

2.86 

14 

TiN 

5.92 

6.9 

ZrC 

6.20 

6.6 

TaC 

9.98 

4.1 

TiC  (iron) 

12.8 

3.2 

NbC 

15.6 

2.6 

BN 

57.0 

43  seconds 

WC 

332 

7.4 

VC 

381 

6.5 

Diamond 

445 

5.5  " 

TiC  (nickel) 

998 

2.5 

5,440 

0.45  " 

5-SiC 

10,700 

0.23  " 

Kramer,  1987 


RECOMMENDATIONS 

It  is  likely  that  the  chemical  interactions  among  ceramic  components  will 
ultimately  determine  their  performance  in  practical  applications.  Therefore, 
given  the  current  lack  of  theoretical  guidance  in  materials  selection,  it  is 
important  to  begin  the  development  and  evaluation  of  theoretical  models  that 
can  be  used  in  design.  The  following  steps  are  recommended; 

■  Undertake  a  study  of  available  metal-ceramic  and  ceramic -ceramic  phase 
diagram  data  to  develop  semi  -  empirical  compatibility  criteria  for  ceramic 
materials . 

■  Begin  to  develop  quantitative,  analytical  friction  and  wear  models 
ba.sed  on  the  chemical  affinity  between  sliding  surfaces  as  evaluated  by 
chemical  thermodynamic  calculations. 
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■  Undertake  test  programs  on  well-characterized  materials  to  provide 
reliable  data  for  comparison  to  model  predictions.  Both  ceramic  -  ceramic  and 
metal-ceramic  systems  should  be  included. 

■  Incorporate  the  modification  of  contact  stresses  by  lubricants  in  the 
boundary,  mixed  and  hydrodynamic  lubrication  regimes  into  theories  of 
friction  and  wear. 
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FOREIGN  SCIENCE  AND  TECHNOLOGY  IN 
THE  AREA  OF  CERAMIC  TRIBO-MATERIALS 


There  is  considerable  worldwide  interest  in  the  use  of  ceramics  as 
tribo-raaterials .  Although  the  Japanese  are  correctly  perceived  to  be  a  major 
participant,  if  not  the  leader,  in  this  this  field,  a  literature  search 
indicates  that  the  Germans,  Russians,  French,  and  other  Europeans  are  also 
very  active  in  the  field.  The  Japanese  apparently  lead  in  the  production  of 
the  fine  ceramics  required  for  tribological  applications.  The  worldwide 
interest  is  spread  widely  across  many  tribological  applications ,  including 
rolling  element  bearings,  automotive  engine  components,  seals,  cutting  tools, 
and  metal - forming  tools. 

There  appears  to  be  an  interesting  difference  in  attitude  between  the 
Japanese  and  others  with  respect  to  the  reasons  for  considering  ceramics  as 
tribo-materials .  The  Japanese  view  fine  ceramics  as  technological  materials 
that  can  be  made  from  readily  available,  inexpensive  raw  materials  and  that 
can  reduce  their  dependence  on  foreign  strategic  material  sources.  There¬ 
fore,  the  Japanese  regard  the  use  of  ceramics  as  replacement  materials  for 
any  tribo-application,  irrespective  of  physical  or  chemical  property 
differences.  Others  seem  to  view  fine  ceramics  as  special  materials  with 
unique  qualities  that  may  be  advantageous  in  special  applications.  Thus,  the 
Japanese  appear  to  be  pursuing  the  use  of  ceramics  aggressively  on  a  broad 
front  whereas  others  are  proceeding  more  cautiously  on  a  special-case  basis. 

A  literature  search  was  conducted  with  the  aid  of  H.  Tischer  of  BAM  in 
Berlin  on  the  TRIBO  bibliographic  data  base.  TRIBO  is  the  most  complete 
bibliographic  data  base  in  tribology  and  is  available  on  electronic  file  back 
to  1972.  It  contains  about  55,000  citations.  Over  the  past  8  years 
citations  have  been  added  at  the  rate  of  about  6000  per  year.  The  country  of 
origin  is  not  recorded  for  the  publication,  but  language  of  publication  can 
give  some  indication  in  the  case  of  non-English  publications.  Conclusions 
from  such  a  search  must  be  viewed  with  caution,  but  some  generalizations  are 
appropriate . 

Searches  were  conducted  on  the  term  ”ceramic(s)"  and  on  the  terms 
"carbide(s),  nitride(s),  and  oxide(s)"  (words  only,  not  chemical  symbols). 
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Those  citations  were  then  further  sorted  in  three  ways:  (a)  by  year  of 
publication  to  get  the  time  trend,  (b)  by  language  of  publication  to  infer 
countrv  of  origin,  and  (c)  by  type  of  application  as  "general  tribo- 
niaterial , "  "coating,"  or  "composite."  In  general,  these  categories  seemed  to 
follow  the  same  trends  as  the  entire  data  base  with  respect  to  citations  per 
vear  and  distribution  into  language  of  publication.  The  "ceramics"  accounted 
for  just  under  1  percent  of  the  total  (488  citations)  and  "ceramics"  plus 
"carbides,  nitrides,  and  oxides"  accounted  for  about  3  percent  of  the  total 
i,16‘^3  citations).  The  time  trend  of  the  "ceramics"  citations  appeared  to  be 
increasing  from  somewhat  less  than  0.5  percent  in  the  early  1970s  to  about  1 
percent  in  more  recent  years.  The  total  group  also  was  increasing  with  time 
from  about  1  percent  in  the  early  1970s  to  about  4  percent  recently. 

In  terms  of  language  of  publication,  the  searched  categories  essentially 
paralleled  the  data  base  as  a  whole.  Approximately  half  of  the  citations 
wt‘re  published  in  English,  30  percent  in  German,  6  percent  in  Russian, 

3  percent  in  Japanese,  and  1  percent  in  French.  The  other  10  percent  were  in 
a  wide  variety  of  languages.  The  relative  distribution  between  German  and 
Japanese  publications  may  be  to  some  extent  related  to  the  fact  that  the  data 
base  originates  in  Germany  and  therefore  would  be  expected  to  have  a  better 
coverage  of  the  German- language  literature  than  of  the  Japanese  literature. 
.Nevertheless,  there  appears  to  be  a  significant  amount  of  information 
published  in  German  in  these  areas.  Of  course,  a  significant  number  of  the 
English-language  citations  originated  in  non-English-speaking  countries. 

There  is  no  easy  way  of  determining  these,  however. 

The  citations  were  also  examined  as  to  category  of  application  in  terms 
of  "coatings,"  "composites,"  and  "general  unspecified."  For  the  ceramics, 
about  15  percent  were  composites  and  20  percent  coatings,  whereas  for  the 
entire  group  (ceramics  plus  nitrides,  etc.),  coatings  and  composites  each 
represented  about  a  third  of  the  whole.  Curiously,  fewer  than  3  percent  of 
the  ceramics  citations  were  concerned  with  high- temperature  applications  on 
the  basis  of  title  or  key  words. 


Because  of  the  many  caveats  associated  with  such  a  literature  search  and 
the  conclusions  that  can  be  drawn  from  it,  the  numbers  cited  should  be  viewed 
as  minimum  indicators  of  activity  in  this  field. 

They  do,  however,  suggest  some  of  the  activity  in  research  and  develop¬ 
ment  of  ceramic  tribo-materials  in  all  the  major  industrial  countries. 
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